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ABSTRACT 
Although it is well established that exposure to urban forests can help reduce stress in individuals, 
the shape of the dose-response curve is entirely unclear. It is not known if a small amount of 
nature is enough to induce stress recovery effects, whether increases in the tree cover density 
produce additional stress recovery effects, or even if the relationship is linear. Lack of this 
knowledge prevents landscape architects from making science-based design and management 
decisions that might improve the health and longevity of people in the communities they serve.  
The central research question of this dissertation is: what is the dose-response curve of the 
influence of viewing community street videos with a high diversity of tree cover density on 
stress recovery as measured by physiological or self-reported indicators of stress status? I also 
examine the dose-response curve of the relationship between tree cover density and landscape 
preference. In order to provide justification for the methods I use to assess tree cover density for 
the dose-response curves, I explore the following questions: Among measures of tree cover 
density from panoramic photographs and Google Earth aerial photographs, which one best 
represents people’s perceived tree cover density? How do those different measures correlated to 
each other? This dissertation answers these questions in four separate studies.  
In the first study, I examine the extent to which four measures of tree cover density were 
correlated with one another for sites with low, medium, and high levels of tree cover. In the 
second study, I examine the dose-response curve for tree cover density and preference. The 
different measures of tree cover density for these two studies are calculated using panoramic and 
Google Earth photographs and a photograph-survey involving 320 participants.  
In the third and fourth studies, I examine the dose-response curve of impacts of viewing ten 
6-minute, 3-D community street videos with varying levels of tree cover density on stress 
recovery. 160 participants completed a public speaking and an arithmetic task to induce stress. 
Then they were assigned to watch a 3-D video as a nature treatment individually. I measured 
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each participant’s stress levels during the experiment. Specifically, in the third study, I measured 
the participants’ self-reported stress levels to assess the stress recovery effect. In the fourth study, 
I measured the participants’ salivary cortisol levels and skin conductance levels to assess the 
stress recovery effect. Finally, I created a summary stress recovery index based on results from 
these two studies to generate a general dose-response curve.  
Findings from the first study suggest that, among the three objective measures, percent tree cover 
calculated from panoramic photographs most reliably represents people’s perceived tree cover 
density and landscape preference. Further, findings from the second study suggest that the 
dose-response curve between the tree cover density calculated from panoramic photographs and 
landscape preference can be best represented by a power trend line, not a straight line. Results 
from the first two studies justify my use of panoramic photographs to measure tree cover density 
in the third and fourth studies.  
Findings from the third study suggest the dose-response curve between the tree cover density and 
self-reported stress recovery can be explained by a positive, straight line. Findings from the 
fourth study suggest that for men, the dose-response curve is best explained by an inverse 
U-shape, quadratic curve. The results for women, however, showed no statistically significant 
relationship between percent tree cover and stress recovery. Further analysis shows the 
dose-response relationship between tree cover density and the summary stress recovery index 
can be best explained by a linear equation. There is a small but significantly positive association 
between eye-level percent tree cover and all participants’ summary stress reduction. 
In sum, these results are the first to describe dose-response curves for the impact of varying 
levels of tree cover density on stress recovery and also landscape preference. These studies are 
the first to describe the relationships among multiple measures of tree cover density. In addition, 
these studies make important methodology contributions regarding the use of multiple measures 
of mental stress and 3-D visual technology. These findings should be of significant interest to 
practitioners, policymakers, and public health officials.  
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CHAPTER 1: 
INTRODUCTION 
The demands and pressures of modern life are precursors to many serious medical problems we 
face today, such as cardiac disease, stroke, cancer, and depression (e.g.,  Aronsson, 1999; 
Bryant, Harvey, Guthrie et al., 2003; Childs & Wit, 2009; Dimsdale, 2008; Gump, MacKenzie, 
Bendinskas et al., 2011; Mitchell & Popham, 2008; Obrist, Lawler, Howard et al., 1974; Prince, 
Patel, Saxena et al., 2007; Roux, 2003; Steptoe & Brydon, 2009).Chronic exposure to stressful 
events can lead to long-term physiological dysfunction that puts people at higher risk for these 
serious conditions. Fortunately, there is mounting evidence that exposure to urban forests 
enhances the resources that allow people to more effectively manage their stresses.  
Multiple studies have found that settings that include trees, grass, and open space reduce the 
physiological and psychological symptoms of stress (Chang & Chen, 2005; Hartig, Mang, & 
Evans, 1991; Leather, Pyrgas, Beale et al., 1998; Parsons, Tassinary, Ulrich et al., 1998; Ulrich, 
Simons, Losito et al., 1991; van den Berg, Hartig, & Staats, 2007; Wells & Evans, 2003). 
Although it is well established that exposure to urban forests has calming effects, the shape of 
the dose-response curve is entirely unclear. Lack of this knowledge prevents health care 
providers and public health officials from recommending exposure to urban forests as part of 
preventive health care or clinical treatment programs for more than 262 million Americans who 
live in metropolitan areas (U.S. Census Bureau, 2010) (Fig.1). 
Not understanding the shape and implications of the dose-response curve also costs landscape 
architects and urban forest managers the opportunity to make science-based management 
decisions that might improve the health and longevity of people in the communities they serve.  
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Figure 1. Although it is clear that exposure to urban forests can have calming effects, we don’t know how much 
exposure to the urban forest is necessary to reduce stress. Lack of this knowledge prevents health care providers and 
public health officials from recommending exposure to urban forests as part of preventive health care or clinical 
treatment programs for the 262 million Americans who live in urban areas 
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This study takes four steps towards answering this important question by testing for the potential 
link between viewing street scenes with a wide range of percent tree cover and subsequent stress 
recovery. Each step was presented as a study and each study was written as a stand-alone journal 
article.  
Chapter 2 presents the first study, which mainly focuses on investigation of relationship between 
aerial or top-down measures of tree cover from eye-level measures of tree cover from panoramic 
photography (see Figure 1) and Google Earth photography (see Figure 2). The study analyzes 
142 community street sites in Midwestern urban settings in the U.S. and 320 healthy young 
adults participated the study by completing a photograph-survey.  
Chapter 3 presents the second study, which mainly focuses on investigation of dose-response 
curve of the relationship between varying levels of percent tree cover measured in various ways 
and landscape preference. The study analyzes 117 community street sites and 320 healthy adults 
participated in the study by completing a photograph-survey.  
  
 
Figure 2. An aerial photograph downloaded from Google Earth Pro 
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Chapter 4 presents the third study, which investigated the dose-response curve on the 
relationship between varying levels of calculated eye-level tree cover density and their effects on 
facilitating stress recovery indicated by self-reported levels of stress. 160 healthy adults 
participated the laboratory experiment. Each participant first completed a Trier Social Stress 
Task (TSST) and then watched a 3-D video of community street scenes. Participants completed a 
series of Visual Analog Scale (VAS) questionnaires to report their immediate stress level at three 
time points of the experiment. The VAS questionnaire includes three scales related to perceived 
anxiety level, perceived tension level, and perceived avoidance level.  
Chapter 5 presents the fourth study, which mainly focuses on investigation of dose-response 
curve on the relationship between varying levels of calculated eye-level tree cover density and 
their effects on facilitating stress recovery indicated by physiological responses.  
During the same experiment mentioned in the previous chapter, the participant’s skin 
conductance levels and salivary cortisol levels were measured during the experiment. 
Participants were randomly assigned to view the treatment 3-D videos that have varying levels of 
eye-level percent tree cover (1.7%-62.0%). Each video includes five community street scenes 
with similar level of tree cover density. 
Based on findings of the third and fourth study, Chapter 6 first presents a dose-response curve of 
the relationship between eye-level tree cover density and the summary stress recovery. Then I 
conclude this dissertation with a discussion of the overall findings of four studies and their 
contribution to the body of knowledge and practice. 
 
 
  
5 
CHAPTER 2: 
WHAT DESIGNERS MEASURE AND WHAT RESIDENTS 
PERCEIVE: USING GOOGLE EARTH AERIAL 
PHOTOGRAPHY AND PANORAMIC PHOTOGRAPHY TO 
MEASURE TREE COVER DENSITY OF COMMUNITY 
STREETS 
Abstract 
The easy availability and widespread use of aerial photographs makes it simple for landscape 
architects and urban designers to gain detailed knowledge of a site without going to the site. 
Google Earth produces high-quality photos of most places on earth at no cost to the user. This 
combination of easy access and no cost has made the use of aerial photographs ubiquitous in 
design and planning circles. Given the details available in these photos, it is likely that some 
designers feel that they can get to know a setting simply by looking at the aerial photographs on 
their computer.  
But can this be so? Can designers eschew traditional forms of procuring information about a site 
(e.g., by walking the site or looking at eye-level photographs) and rely instead on information 
conveyed by aerial photographs? How closely does the information gained via these photographs 
match information gained from on-site photos?  
In this study, I examined these questions by looking at how closely Google Earth aerial 
photographs matched information about the tree cover density gained from on-site panoramic 
photographs. 
I selected high-resolution Google Earth aerial photographs of 46 community block groups in 
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single-family housing neighborhoods in four Midwestern urban areas in the United States. I 
visited each site and made eye-level panoramic photographs of 255 street scenes. The tree cover 
density of all photographs (Google Earth aerial and panoramic eye-level photos) was calculated 
objectively using the histogram function of Adobe Photoshop CS 5.1. Then, 314 individuals 
completed quick assessments of the level of tree cover in the eye-level panoramic photographs.  
I conducted Pearson correlation analysis to examine the relationship between the four measures 
of tree density for all sites. I then categorized 140 sites into three groups of low, medium, and 
high tree cover density and ran Pearson correlation among the four measures for each group.  
Analysis reveals three main findings: first, Google Earth calculated percent tree cover within 
street corridors and Google Earth calculated percent tree cover within 100-meter wide visual 
corridors are highly correlated with each other across three groups (p< .0001). This finding 
suggests that the Google Street Corridor and Google Visual Corridor are consistently compatible 
on measuring top-down percent tree cover for community streets with a full range of percent tree 
cover. Second, correlations between the calculated percent tree cover from panoramic 
photographs (Panorama calculated) and perceived tree cover by ordinary participants from 
panoramic photographs (Panorama Perceived) are positive and significant (p< .0001) across the 
three groups. This finding suggests that the Panorama Perceived is a reliable method to represent 
ordinary people’s perceived tree cover for community streets with a wide range of tree cover 
density. Third, correlations between the two Google Earth measures and two panoramic 
measures gradually diminish as tree cover increases. When tree cover is at a low level, all four 
correlations are greatest with the highest statistical significance. However, beginning when the 
tree cover density is medium, correlations become much weaker but still remain statistically 
significant. As percent tree cover measured from Google Earth images reaches a high level, all 
four correlations become statistically insignificant. These findings suggest that Google Earth 
images do not reliably represent the density of tree cover people see on site when the tree cover 
density is at a high level. 
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Together, these findings present new information about the relationships among measures of tree 
density and suggest some constraints of designers’ heavy reliance on aerial imagery. The findings 
also emphasize the importance of measuring the tree cover density at eye level in urban forest 
planning, design, and management.  
Introduction 
Evaluating tree cover is a critical part of landscape planning and city management. Reaching a 
minimum level of tree cover is a key objective of landscape planning for neighborhoods in the 
United States and in other countries, and accurate measurements are needed to reach these 
objectives. Professionals and researchers in the field of landscape architecture often assess 
greenness by objectively calculating tree cover density using Google Earth aerial photography, 
and by asking people to subjectively rate tree cover density from eye-level photographs or actual 
landscape scenes. There is a pioneering method of objectively calculating tree cover density from 
eye-level photography in which researchers measured percentage of a photograph was occupied 
by tree canopy and tree trunk (Nordh, Hartig, Hagerhall et al., 2009). Unfortunately, no empirical 
studies have examined the extent of agreement between the methods of measuring the tree cover 
density for small scale urban spaces such as community streets. Lack of this knowledge may lead 
to bias or even error when using these measurements to allocate urban forest resources.  
Currently, objectively calculated top-down tree cover from aerial photography is the most 
popular way of measuring the tree cover density, especially after Google Earth aerial 
photography became widely available. Google Earth aerial photography gives professionals easy 
and free access to rich, detailed visual information. Increasingly, professionals are making design 
or management decisions by using measurements calculated from Google Earth aerial 
photography without needing to visit the site and take photographs. However, although Google 
Earth aerial photography is a cost-effective tool for measuring the density of tree cover, no 
scientific evidence has examined the extent to which such photographs accurately represent 
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residents’ perceptions about the tree cover density. In contrast, an eye-level photograph, 
especially a panoramic photograph with a similar visual scope as human vision, may better 
represent people’s perception of landscapes (Gidlöf-Gunnarsson & Öhrström, 2007). 
Understanding the agreement or disagreement among these different methods of measuring tree 
cover density will help landscape architects and city planners use the best methods in their 
practice.  
Validity of eye-level photography  
Eye-level photography has been widely used by landscape architects to measure greenness and to 
examine people’s responses to landscape in the living environment, and its validity has been well 
proven. Rather than having subjects actually visit a site, which is time intensive and costly, 
researchers chose eye-level photography of landscapes as a surrogate of real settings. Many 
studies have demonstrated that viewing photographs containing greener, rather than less green 
landscapes have a positive impact on human well-being. For example, viewing eye-level 
photographs containing more natural landscapes is statistically related to positive changes of 
self-reported moods (e.g. Plante, Aldridge, Bogden et al., 2003; Tsunetsugu, Lee, Park et al., 
2013), aesthetic preference (e.g. Kaplan & Herbert, 1987; Nordh, Hartig, Hagerhall et al., 2009; 
Sullivan, 1994; Todorova, Asakawa, & Aikoh, 2004), perceived satisfaction of needs (Junker & 
Buchecker, 2008), sense of safety (Kuo, Bacaicoa, & Sullivan, 1998), self-reported stress status 
(Valtchanov, Barton, & Ellard, 2010), and self-reported mental restoration (Nordh, Hartig, 
Hagerhall et al., 2009).  
In recent years, several pioneering studies have found that people viewing eye-level photographs 
containing a greater percent of natural landscapes gain benefits indicated by changes in 
objectively-measured physiological status. For example, viewing photographs of a greener 
window view made participants less nervous as indicated by changes of blood volume pulse 
(BVP), electroencephalography (EEG), and Electromyography (EMG) (Chang & Chen, 2005). 
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Another study found that people who viewed eye-level photographs of wild landscapes gained 
significant physiological benefits indicated by changes of BVP, EEG, and EMG (Chang, 
Hammitt, Chen et al., 2008). Importantly, these studies also found significant associations 
between those objective physiological responses and self-reported psychological responses, 
which further strengthen the validity of using eye-level photography in place of the real settings 
to examine people’s responses to landscapes. 
The validity of using eye-level photography in place of the actual landscape to examine people’s 
responses to landscapes and to measure tree cover is also supported by theoretical evidence. 
Kevin Lynch (1960) pointed out that as people drive or walk through an urban area, they 
perceive landscapes as a series of images. Similarly, Gordon Cullen (1961) pointed out that a 
townscape is visually apprehended by visitors as they enter and move through the place on the 
ground level. Visitors perceive the place as a sequence of pictures to understand a relationship 
between “here” and “there.” Kaplan and Kaplan (1989) demonstrated that a living environment 
is rich in visual information, and human brains can, and must, perceive, process, and manage that 
information to sustain healthy functioning as they walk through the landscape setting on the 
ground level. As a virtual reality, landscapes presented by panoramic eye-level photography in 
high resolution could facilitate observers’ psychological responses as they do in the real site 
because it can present the reality in a ”sensorially rich and perceptually realistic” way (de Kort, 
Ijsselsteijn, Kooijman et al., 2003).  
Perceived eye-level tree cover 
A growing number of empirical studies strongly suggest that perceived tree cover from 
panoramic eye-level photographs is a reliable predictor of ordinary participants’ responses to 
landscape. Researchers have found perceived greenness associated with eye-level landscape 
scenes is positively associated with participants’ landscape preference of wetland scenes (Dobbie, 
2012), their willingness to walk in a neighborhood (Sugiyama & Ward Thompson, 2008; Tilt, 
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Unfried, & Roca, 2007), their satisfaction of an office room (Ozdemir, 2010), and better 
performance of athletes (DeWolfe, Waliczek, & Zajicek, 2011). Although the majority of these 
studies obtained data from participants who were exposed to real sites, it is important to note that 
what people see from panoramic eye-level photography is very similar to what people see in real 
sites. Three additional studies may further reinforce the reliability of perceived tree cover from 
eye-level photographs. One researcher found that the perceived greenness of view through 
cafeteria windows in U.S. high schools is positively associated with students’ academic 
performance, and it is important to note that the view through cafeteria windows is very similar 
to the viewshed presented by a panoramic eye-level photograph (Matsuoka, 2010). In two other 
studies, the perceived greenness of nearby nature, including a subjective rating of greenness of 
eye-level views from their house, was significantly related to children’s lower psychological 
distress and higher sense of self-worth (Wells & Evans, 2003) and cognitive functioning (Wells, 
2000).  
Objectively calculating tree cover density from eye-level photography  
In addition to using perceived tree cover from panoramic eye-level photography to evaluate 
people’s responses to nature, eye-level photography can also be used to objectively measure 
visible tree cover. In a pioneering study, researchers used a grid pattern of 588 squares to 
measure the percentage of green landscape components from eye-level photographs by counting 
squares covered by more than 50% of a given landscape component. Researchers found that the 
number of units occupied by tree canopy was positively associated with self-reported mental 
restoration (Nordh, Hartig, Hagerhall et al., 2009). Technically, a more precise way to calculate 
percent of tree cover from eye-level photography is to use graphic design software such as 
Photoshop to measure percent of tree cover by simply counting the number of pixels occupied by 
tree canopy and trunks. Pixels are the finest unit of digital imagery that can be detected by the 
software. This objective measure proposed in this study should be a reliable representation of 
how much tree cover people perceive while standing on a community street because the measure 
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precisely calculates all visible tree cover presented in an eye-level photograph as tree cover 
people can see on the street. However, this method has not been used in previous studies. 
Therefore, its reliability is not yet clear and needs to be tested in this study. 
Google Earth aerial photography  
Although objectively-calculated tree cover from panoramic photographs is fairly new, aerial 
photography has been widely used to objectively calculate tree cover and therefore make 
landscaping decisions. For the last two decades, with the successful launch of free Google Earth 
software, many landscape professionals have adopted Google Earth aerial photography as a main 
tool for site investigation and analysis. A recent survey shows Google Earth has become the most 
popular software for site investigation and analysis, even more popular than Geographic 
Information System (GIS) (Newman & Kim, 2013). 
The easy availability and widespread use of Google Earth aerial photography makes it simple for 
landscape architects to gain detailed knowledge of a site without going to the site. Compared to 
expensive and complicated GIS software and satellite photography, Google Earth produces 
high-quality photos of most places on earth at no cost to the user (O'Cionnaith, 2010). This 
combination of easy access and no cost has made the use of aerial photographs ubiquitous in 
design and planning circles. Given the details available in these images, it is likely that some 
designers and officials feel that they can make planning and design decision about urban forests 
simply by objectively measuring tree cover from Google Earth aerial photography on their 
computer.  
Unfortunately, the literature on utilization of Google Earth aerial photography is surprisingly 
limited and mostly published in other fields, such as waste management (O'Cionnaith, 2010), 
large scale riparian zone management (Sadr & Rodier, 2012), and spatial archaeology (Sadr & 
Rodier, 2012; Xu, Peng, Zhang et al., 2012). Still, in the field of Landscape Architecture or 
Public Health, there are several studies that use other types of top-down satellite photography 
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and remote sensing technology to examine the relationship between greenness of living 
environments and human health or daily behaviors. Most of these studies examined landscape at 
a relatively coarse scale -- greater than 500 m (Hu, Liebens, & Rao, 2008; Maas, Spreeuwenberg, 
van Winsum-Westra et al., 2009; Maas, Verheij, de Vries et al., 2009; van den Berg, Maas, 
Verheij et al., 2010). Indeed, many of them found significant positive associations between 
greenness and human health benefits, such as higher perceived social safety (Maas, 
Spreeuwenberg, van Winsum-Westra et al., 2009), lower stroke morbidity (Hu, Liebens, & Rao, 
2008), and lower anxiety disorder and depression (Maas, Spreeuwenberg, van Winsum-Westra et 
al., 2009). These types of studies, however, have two major constraints that make their findings 
less applicable to understanding the relationship between top-down aerial photographs of tree 
cover and human health or daily behaviors at a small site scale such as community streets, 
community gardens, or pocket parks. First, these studies often did not include scattered tree 
canopy in their analysis. Thus, their findings are not feasible to streets or other urban spaces 
where tree canopies are not connected to each other to be green patches Second, existence of 
nearby green spaces or tree canopy within a certain buffer area doesn’t necessarily mean that 
people have physical or visual access to those areas (Hu, Liebens, & Rao, 2008). 
Moreover, the top-down perspective is not the visual angle of how residents see landscapes in a 
living environment, which may make measurements of tree cover using Google Earth 
photographs less reliable than measurements of tree cover from panoramic eye-level photographs 
(Leslie, Sugiyama, Ierodiaconou et al., 2010; Tilt, Unfried, & Roca, 2007). For example, for two 
community streets with exactly the same top-down tree cover, people’s visual experience would 
be significantly different depending on where they stand and where those trees are located (see 
Figure 3). In daily life, people rarely have a chance to see landscapes at a very high altitude, as 
they are presented through Google Earth aerial images; instead, people often walk on their feet 
and see landscapes at eye level. 
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In sum, I reviewed theoretical and empirical evidence and found that measures of percent tree 
cover from panoramic eye-level photography might be a more reliable predicator of ordinary 
people’s perception of the density tree cover within a community street than measures of tree 
density from Google Earth aerial photography. In addition, the reliability of the objective 
measure from panoramic eye-level photography is also questionable because it is a new method 
lacking empirical evidence to verify whether it corresponds to subjective measures from 
panoramic eye-level photographs. In order to find the extent of agreement between those 
measures, the present study focuses on comparing objective measures of percent tree cover from 
Google Earth aerial photography with objective and subjective measures of percent tree cover 
from panoramic photography.  
Research questions 
To identify the relationship between measures of tree cover density from Google Earth aerial 
photography and eye-level panoramic photography, I used four specific methods to measure tree 
cover on community street sites and analyzed their correlations. In the first method, I calculated 
percent tree cover of a street corridor from Google Earth aerial photographs (Google Street 
 
Figure 3. The diagram shows that a same level of top-down tree cover might create significantly different visual 
experience for individuals when they stand at different location within the site 
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Corridor). In the second method, I calculated percent tree cover of a 100-meter wide visual 
corridor from Google Earth aerial photographs (Google Visual Corridor). In the third method, I 
calculated percent tree cover from panoramic photographs (Panorama Calculated). In the fourth 
method, I asked ordinary to rate tree cover density they perceive in panoramic photographs 
(Panorama Perceived).  
Specifically, I asked three questions: 
Question 1: To what extent is Panorama Calculated associated with Panorama Perceived? 
Question 2: To what extent is Google Street Corridor associated with Google Visual Corridor?  
Question 3: To what extent are the two Google Earth measures of tree cover density associated 
with the two panorama measures of tree cover density? 
Method 
I systematically sampled sites by following steps: First, I identified 46 community block groups 
with annual medium income from $ 50,000 to $ 75,000 in four mid-western urban areas 
(Champaign-Urbana, St. Louis, Indianapolis, and Springfield) in the United States as candidate 
sites. Then, another investigator and I visited each block group and made an eye-level panoramic 
photograph for 255 street scenes. Then, three experts in Landscape Architecture adopted a few 
filters to remove sites with unique environmental attributes in the laboratory and chose 142 sites 
for measures of tree canopy. Information about two sites was lost during our travels; thus, 140 
sites were statistically analyzed.  
Selection of streets 
Limiting the confounding physical characteristics of street is a major concern when selecting 
neighborhood streets to be included in a study. I employed several steps to help limit the physical 
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characteristics that differed between sites, other than the density of the trees. First, I used 
medium annual income per household at the block group level (data from Google Earth Pro) as a 
controlling socioeconomic factor. I chose 46 block groups with a medium annual household 
income between $50,000 and $75,000, which is considered middle-class in the Midwestern U. S. 
Second, another investigator and I visited every block group and made photographs for 255 
street scenes with a broad range of tree cover density. At this step, we rejected streets without 
sidewalks or curbs. Third, three experts in landscape architecture assessed the physical 
characteristics of 255 sites by viewing panoramic photos. Experts only chose sites with similar 
spatial attributes, sites with following attributes were rejected: presence of human beings, 
moving cars, or parking cars which blocked the view along the street, uncommon small or large 
size of buildings, uncommon large size utility facility, and house with an uncommon setback. 
Based on the results of these three steps, I removed streets with unique physical characteristics to 
make sure all streets had varying levels of tree cover density but similar other spatial attributes. 
Creating panoramic photographs  
I took a series of photographs of each of 255 street scenes. I put a tripod in the street beside the 
sidewalk and entry of a house, where casual conversation and physical activities most likely 
could happen. I was sure to place the camera where were no big trees or other visual barriers 
within 10 meters of the camera to block the view. All photographs were taken on sunny days 
from 10 a.m. to 3:30 p.m. from June to August, 2010. Next, a panoramic photograph was created 
in the lab by combining photographs into a panoramic scene using the Photomerge command in 
Photoshop CS5.  
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Four measures of tree cover density 
Calculated top-down percent tree cover using Google Earth aerial images (Google Street 
Corridor and Google Visual Corridor) 
In order to calculate the tree cover density along each of the 142 streets, I downloaded 
high-resolution satellite photographs from Google Earth Pro. I set the altitude at 600 meters for 
all sites so that all photographs had the same scale and same resolution (4,800 pixels). All 
satellite photographs were captured from during 2011 growing season to ensure that deciduous 
trees had fully developed canopies and were not yet defoliated.  
The next step was to identify the boundary of the viewshed. I defined the viewshed in two ways. 
The first way, which we call Google Street Corridor, included the street corridor outlined by 
ridges of houses on either side of the street. The second say, which we call Google Visual 
Corridor, included a 100-meter-wide visual corridor that was measured from the center of the 
street (50m on either side of the center line). The Google Street Corridor viewshed contained all 
tree canopies within the street corridor, whereas the Google Visual Corridor contains other 
visible trees behind the houses up to 50m away from the center line of the street.  
After identifying all the trees that would be included for each measure, we then calculated the 
number of pixels in each photograph, then the number of pixels associated with trees, and 
created a measure of tree density that was simply the percent of the image that had trees in it.  
Participant’s perceived tree cover (Panorama Perceived) 
Participants in this study were drawn from a larger study that examined the impact of varying 
tree cover density on recovery from a stressful experience. 314 adults participated in this study 
by completing an online questionnaire in the lab (167 females and 147 males, Mean for age was 
21.4 years, SD for age was 2.6 years). To mitigate cultural difference, participants needed to have 
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lived in the U.S. no less than 18 years. To reduce potential noise caused by the varying levels of 
mental health, people with a medical history of diagnosed mental disorders were not allowed to 
participate in the survey. In addition, we did not recruit individuals who had received 
professional training or education in the Landscape Architecture or Urban Planning.  
Each participant was randomly assigned 30 out of 142 panoramic photographs. Each participant 
was asked to rate the density of the tree cover along each street using a Likert scale that ranged 
were from 1 (“not at all”) to 10 (“very much”). In average, each of the 142 sites was evaluated 
about 66 times by different participants. The mean value of participants’ rating on each picture is 
the variable Panorama Perceived. Cronbach’s Alpha value is 0.79 (N of valid cases was 117, N of 
items was 30. The difference between number of valid cases and actual cases was caused by 
uneven amount of participants assigned to each photograph by a random protocol), which 
suggests a significant high inter-rater reliability. 
Calculating tree density using panoramic photographs (Panorama Calculated) 
To quantify tree cover density in panoramic photographs, I used Photoshop CS5 to measure the 
percent of pixels occupied by tree canopy and trunks in each photo. I first selected areas of tree 
canopy and trunks in a panoramic photo and identified the number of pixels contained in those 
areas. Then I identified the number of pixels contained in the entire photo. I calculated eye level 
tree cover for each photograph according to the method described in Figure 4. The measure is 
named Panorama Calculated. 
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Results 
The results will be presented in four sections. First, I examine correlations among the four 
measures for all 140 sites to give a general picture of their relationships. Second, I examine these 
same relationships when the 140 sites are grouped into low, medium, or high tree cover density. 
Third, I explore the relationship between the two panoramic measures and between the two 
Google Earth measures. Finally, I use histograms to examine the relationships between the two 
Google Earth measures and the two panoramic measures for three levels of tree cover density. 
Linear correlations among four measures for all sites 
In order to understand the relationships between the four measures of tree cover, I conducted 
two-tailed Pearson correlations using the four measures of tree cover for all 140 sites. The results 
 
 
 
Figure 4. I used the amount of pixels of the whole photograph (above) and the amount of pixels of areas 
occupied by tree canopy and tree trunks (below) to calculate percent tree cover from an eye-level 
panoramic photograph 
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in Table 1 show all measures were significantly correlated with each other (p< .0001). These 
results show that Google Earth measures of tree density are as reliable as objective and 
subjective panoramic measures. 
Table 1. Two-tailed Pearson correlations between four measures of tree cover for all sites 
****p< .0001 
 
  
 Tree cover 
 Aerial measures   Eye-level measures  
 Google Street Corridor 
(n=140) 
Google Visual 
Corridor (n=140) 
 Panorama Calculated 
(n=139) 
Panorama 
Perceived (n=135) 
Google 
Street 
Corridor 
1     
Google 
Visual 
Corridor 
 .94**** 1    
Panorama 
Calculated 
 .87****  .89****  1  
Panorama 
Perceived 
 .89****  .90****   .98
**** 1 
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Examining presence of heteroscedasticity                                        
Though the four measures are highly correlated initially, a close observation of scatter plots 
shown in Figure 5 reveals different patterns of correlations between Panorama Perceived and 
other three objective measures of tree cover density. As the top two scatter plots in Figure 5 show, 
the correlation values between Google Earth measures and Panorama measures gradually 
decrease as percent tree cover increases. However, the bottom plot in Figure 5 suggests the 
correlation between the two Panorama measures remains stable at a high level.  
These different patterns of correlation suggest the possibility of heteroscedasticity in the 
regression between Panorama Perceived and the other three objective measures of tree cover 
density. To assess if there was indeed a problem of heteroscedasticity, I conducted White’s test 
for heteroscedasticity and present the results in Table 1. For the two Google Earth measures, 
there is a significant level of heteroscedasticity. For Panorama Calculated, however, there is no 
heteroscedasticity in its relationship with Panorama Perceived. These results suggest the 
significant linear associations between the two Google Earth measures of tree density and 
Panorama Perceived might be misleading because a simple linear regression model can hardly 
demonstrate the existence of heteroscedasticity. 
Table 2. White’s tests for heteroscedasticity for linear regression models on the relationship between perceived tree 
cover density (Panorama Perceived) and other three objective measures of tree cover density 
Independent variable Dependent variables F value p  
Panorama Perceived Google Street Corridor F (1, 133)= 6.65  .01 
Google Visual Corridor F (1, 133)= 4.94  .03 
Panorama Calculated F (1, 132)= .14  .71 
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Figure 5. Three scatter plots of relationship between three objective measures of density of tree 
cover (Google Street Corridor, Google Visual Corridor, and Panorama Calculated) and perceived 
tree cover (Panorama Perceived) 
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Correlations between four measures as the tree cover density is at low, 
medium, and high levels 
To further examine whether tree cover density would play a role in correlations among the four 
measures, I categorized sites into three levels of tree cover tree cover density measured by 
Google Street Corridor: low (X ≤ .15), medium ( .15<X ≤ .30), and high (X> .30). I choose 
Google Street Corridor as the criterion to categorize sites for two main reasons: first, Google 
Street Corridor is the most widely used by professionals, scholars and city managers for 
landscape planning; therefore, using it as a criterion enables us to connect our findings with 
current design solutions, empirical studies,and urban forest regulations. Second, using Google 
Street Corridor is helpful to build links among the panorama measures and Google measures of 
tree cover. I then conducted Pearson correlation analyses to examing the relationships among the 
four measures for each of the three tree level groups as shown in Table 3, Table 4, and Table 5. 
Table 3. Two-tailed Pearson correlations of four measures of percent tree cover for low tree cover density (Google 
Street Corridor≤ .15) 
***p< .0001 
  
 Tree cover density 
 Aerial measures  Eye-level measures 
 Google Street 
Corridor (n=75) 
Google Visual Corridor 
(n=75) 
 Panorama 
Calculated (n=75) 
Panorama Perceived (n=75) 
Google Street 
Corridor 
1     
Google Visual 
Corridor 
 .76**** 1    
Panorama 
Calculated 
 .86****  .75****  1  
Panorama Perceived  .87****  .81****   .94
**** 1 
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Table 4. Two-tailed Pearson correlations of four measures of percent tree cover for medium tree cover density group 
(.15< Google Street Corridor≤ .30) 
*p< .05 
***p< .001 
****p< .0001 
Table 5. Two-tailed Pearson correlations of four measures of percent tree cover for high tree cover density group 
(Google Street Corridor> .30) 
*** p< .001 
**** p< .0001 
 Tree cover density 
 Aerial measures  Eye-level measures 
 Google Street Corridor 
(n=29) 
Google Visual 
Corridor (n=29) 
 Panorama Calculated 
(n=29) 
Panorama Perceived 
(n=29) 
Google Street 
Corridor 
1     
Google Visual 
Corridor 
 .76**** 1    
Panorama 
Calculated 
 .60***  .38*  1  
Panorama 
Perceived 
 .42*  .32   .66
**** 1 
 Tree cover density 
 Aerial measures  Eye-level measures 
 Google Street 
Corridor (n=36) 
Google Visual 
Corridor (n=36) 
 Panorama 
Calculated (n=36) 
Panorama Perceived (n=31) 
Google Street 
Corridor 
1     
Google Visual 
Corridor 
 .83
****
 1    
Panorama 
Calculated 
 .18  .14  1  
Panorama 
Perceived 
 .33  .28   .61
*** 1 
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Correlations between Panorama Calculated and Panorama Perceived for 
three groups 
As Figure 6 shows, the correlation between the two panorama measures stays at the same 
significant level (p< .001) across the three groups, although the actual correlation value is highest 
for the low tree cover group. These results demonstrate that objective measures of the tree cover 
density taken from panoramic photographs are similar to those obtained by asking people to rate 
the density of vegetation they see along the street when looking at the same photograph from 
which the objective measure was taken. Still, I noticed that the correlation value between the 
objective measure of tree cover from panoramic photographs and the perceived tree cover 
measure seem to decrease as tree cover increases.  
 
 
***p< .001. 
****p< .0001. 
Figure 6. Correlation between Panorama Calculated and Panorama Perceived as the tree cover density is at 
three different levels. X is percent tree cover measured from the Google Earth Street Corridor 
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Correlations between Google Street Corridor and Google Visual Corridor for 
three groups 
As Figure 7 shows correlations between two Google Earth measures are similar and stay at the 
same significant level (p< .001) across the three groups. This result indicates that Google Street 
Corridor and Google Visual Corridor are highly correlated with each other no matter the tree 
cover density.  
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Correlations among Google Street Corridor, Panorama Perceived and 
Panorama Calculated for three groups 
Figure 8 shows that Google Street Corridor has significant positive correlations with both 
Panorama Calcualted and Panorama Perceived when tree cover is at the low level. As the tree 
cover density increases to the medium level, correlation values decrease markably but the 
correlations still remain statistically significant. When the tree cover density is in the high 
category, correlations reach the lowest levels and neither are significant. 
 
****p< .0001. 
 
Figure 7. Correlations between Google Street Corridor and Google Visual Corridor as the 
tree cover density is at three different levels. X is percent tree cover measured from the 
Google Earth Street Corridor 
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Correlations among Google Visual Corridor, Panorama Perceived and 
Panorama Calculated for three groups 
Figure 9 shows a pattern similar to Figure 6. When tree cover is at a low level, Google Visual 
Corridor has strong, significant correlations with both Panorama Calculated and Panorama 
Perceived. As tree cover increases to the medium level, the correlation values decrease markably 
and only the correlation between Google Visual Corridor and Panorama Calculated remains 
significant. When the tree cover density is at the high level , both correlations reach their lowest 
 
*p< .05 
***p< .001 
****p< .0001. 
 
Figure 8. Correlation between Google Street Corridor and Panorama Calculated (left bar), Google Street 
Corridor and Panorama Perceived (right bar) as the tree cover density is at three different levels. X is 
percent tree cover measured from the Google Earth Street Corridor 
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levels and neither are significant. 
 
In sum, these findings demonstrate that as tree cover increases from low to high levels, the 
strength of correlations diminishes. Specifcially, when tree cover is at the low level, there are 
significant positive correlations between Google Street Corridor and Panorama Calculated, 
Google Street Corridor and Panorama Perceived, Google Visual Corridor and Panorama 
Calculated, and Google Visual Corridor and Panorama Perceived. When the tree cover density is 
at a medium level, the correlations are much weaker yet 3 of 4 correlations are still statistically 
significant. When the tree cover density is reaches a high level, the correlations become weakest 
and correlations are no longer statistically significant. 
 
*p< .05 
***p< .001 
****p< .0001 
 
Figure 9. Correlation between Google Visual Corridor and Panorama Calculated (left bar), and 
Google Visual Corridor and Panorama Perceived (right bar) as the density of tree cover is at three 
different levels. X is percent tree cover measured from the Google Earth Street Corridor 
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Discussion 
Main findings 
The correlation analysis for all street scenes demonstrates that all four measures of tree density 
have highly significant, positive associations. However, after we sorted the street scenes into 
three groups with low, medium, and high tree cover density and ran correlation analysis for each 
group, I got three main findings, which provide clear answers for the three research questions 
that motivated this study. 
First, I found that the two Google Earth measures (Google Street Corridor and Google Visual 
Corridor) are highly correlated with each other across three densities of tree cover (p< .0001). 
This finding suggests that Google Street Corridor and Google Visual Corridor are consistently 
compatible for measuring tree density for community streets with a full range of tree cover.  
Second, I found that correlations between the tree densities calculated from panoramic 
photographs (Panorama Calculated) and perceived tree cover by ordinary participants (Panorama 
Perceived) stay positive and significant (p< .001) across the three densities. This finding suggests 
that Panorama Perceived is a reliable method to represent ordinary people’s perceived tree cover 
for community streets with a wide range of percent tree cover.  
The third and most important finding is that correlations between the two Google Earth measures 
and the two panoramic measures gradually diminish as the tree cover density increases. When 
the tree cover density is low, all correlation values are strongest and statistically significance. 
However, as the tree cover density is at a medium level, correlations become much weaker, but 3 
of the 4 correlations remain statistically significant. As tree cover density reaches a high level, all 
four correlations become statistically insignificant. This finding suggest either Google Street 
Corridor or Google Visual Corridor lack reliability to represent how much tree cover people see 
on site when the tree cover density is at a high level.  
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Why this mismatch among different measures? 
There are two possible reasons for this mismatch between the two types of measures – those 
taken from Google Earth images and those taken from on-the-ground panoramic images.  
First, people’s visual perception of tree cover density along a street is likely to be significantly 
different depending on where they stand, which direction they look, and where those trees are 
located. These subtle differences can be accurately represented only by panoramic photographs 
because they are taken at eye-level and represent a similar visual scope to an individual’s vision. 
In contrast, measures from Google Earth photographs can only describe the average top-down 
tree cover of a community street or a visual corridor. In everyday life, people rarely have a 
chance to see landscapes from a high altitude, as presented by Google Earth aerial images, but 
rather walk on their feet and see landscapes at eye level. 
Sites with low tree density in this study were normally new communities that have young trees, 
similar tree canopy size, and a limited amount of tree species. In addition, in order to comply 
with landscape planning regulations, the distance between trees was often identical (see the top 
photograph in Figure 10). In contrast, sites with greater tree cover density normally have a 
significantly longer history. Sizes of tree canopy and distances between trees are much more 
diverse (see the bottom photograph in Fig.10). This significantly higher diversity might be 
caused by difference in tree species, age of the trees, maintenance, micro-climate conditions, soil 
conditions, or the death or removal of trees. Thus, compared to sites with low tree density and a 
short history, sites with medium and high tree cover may have greater disparity of perceived tree 
cover when an individual stands at different spots and looks at the streetscape from different 
directions.  
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The second mismatch exists between the two measures from panoramic photographs: why does 
the correlation between Panorama Calculated and Panorama Perceived decrease as the tree cover 
density increases? A reasonable interpretation might be the difference in how Panorama 
Calculated and Panorama Perceived assess overlapping tree canopies. As tree cover increases, 
there is a higher possibility that the trees canopy near the observer would block the view to trees 
that are farther away. Panorama Calculated considers overlapping tree cover as one single area; 
thus, it cannot reflect the area of blocked tree canopy. In contrast, humans have the cognitive 
ability to identify overlapping areas, and they may include those areas in their assessments. 
Therefore, as tree cover increases, differences between Panorama Calculated and Panorama 
Perceived would become larger.  
 
 
Figure 10. Comparison of two street scenes: The top photograph shows a site with low top-down percent tree 
cover characterized by young trees with small canopy size which were planted in an almost identical 
distance. The bottom photograph shows a site with high top-down percent tree cover characterized by mature 
trees with much more diverse tree canopy sizes, distance between trees, and amount of tree species 
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Contributions and implications 
Objective top-down measures of tree cover, thanks to the launch of free, online Google Earth 
aerial photography, has been widely used by landscape professionals to make decisions on 
allocating landscape resources. However, no empirical studies have provided evidence to 
indicate whether measures of tree cover density made from Google Earth aerial photographs are 
appropriate to predict ordinary people’s perception of the tree cover density . To my knowledge, 
the work here is the first to provide a clear, detailed answer to this gap in our knowledge. 
The findings provide a strong rationale for questioning the current urban forest regulations in the 
U.S. and other countries that heavily rely on top-down measurements of tree cover to evaluate 
greenness of urban spaces. The findings suggest it is possible that a community street with high 
top-down tree cover fails to provide each family equal visual access to tree cover because of 
unequal allocation of trees.  
Also, because each panoramic photograph was shot on the street near the entry to a front yard, 
our findings suggest, for sites with high tree cover, that calculated tree cover density from 
Google Earth aerial photography might significantly misrepresent residents’ perceived tree cover 
from their front yards. This disparity reinforces the importance of using panoramic photographs 
to assess visible tree canopy and to develop specific design solutions for each housing plot. In 
addition, this disparity emphasizes the importance of visiting the site to gain a comprehensive 
impression of visible tree canopy at different locations and directions.  
The current study also provides concrete evidence that measures of tree density calculated from 
panoramic photographs is a reliable representation of ordinary people’s perceptions. In addition, 
we also identified its constraint that it fails to consider overlapping tree canopy in the calculation 
when top-down tree cover is at medium or high levels. 
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This study used both aerial photography and eye-level photographs to create measures to assess a 
wide range of tree densities for a large number of streets in four mid-western urban regions in the 
U.S. This set of methods enabled us to examine the tree cover issue from various aspects and 
identify the advantages and constraints of each method through analysis of their relationship. It 
provides important scientific evidence to support future research, design practice, and 
management on urban landscapes.  
Future Research 
Future research should combine measures of tree density made from aerial photographs and 
measures of tree cover obtained from panoramic photographs to create a more comprehensive 
criterion for measuring greenness in cities. The new criterion should be able to assess tree cover 
not only for an urban area in general but also at specific spots within a neighborhood. This new 
criterion is especially important for urban places where people spend the majority of their days, 
such as schools, work places, and hospitals. Because people spend their time in these spaces 
looking out at nature from windows, the eye-level measures of tree cover are particularly 
important. For example, landscape architects should use eye-level measures of tree cover to 
make sure each classroom or office room has a minimum level of visual contact with nature 
through windows. Moreover, this comprehensive criterion is also important for communities 
with residents who have limited motor ability, such as seniors, disabled people, children, and 
pregnant women. The visible tree cover within a small area is much more meaningful for them 
than general tree cover in a broader area out of their walking distance (Ellen & Turner, 1997; 
Takano, Nakamura, & Watanabe, 2002; Taylor, Wiley, Kuo et al., 1998). 
To enhance the validity of this study and because of budget constraints, we only investigated 
community street sites that included single-family housing in middle-class neighborhoods in 
Midwestern urban areas in the U.S. It is necessary to replicate the current study in other types of 
urban spaces, such as multiple-house neighborhoods, high-rise inner-city apartments, urban parks, 
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urban streets, schools, campuses, and hospital gardens. In particular, researchers need to replicate 
this study for communities with dwellers who are vulnerable to the loss of nearby nature and 
who suffer from stress caused by low socio-economic status. 
Future research also needs to improve the method of obtaining objective measurements of tree 
cover. Although Photoshop provides Magnetic Lasso Tools (MLT) to assist researchers in 
selecting areas occupied by tree cover, the work is tedious because researchers need to manually 
measure percent tree cover for each site. It would be great progress if software could be 
developed to automatically calculate percent tree cover. Another potential research tool is Google 
Earth Street. Google Earth Street is already equipped with a huge database of eye-level 
photographs for many urban areas in the U.S. and can provide rich information for designers. 
Although views of many community streets, especially those outside of metropolitan areas, are 
still not available, we are positive that it will be a powerful tool for future research.  
Conclusion 
This study is the first to assess links among multiple measures of tree cover density and 
identified the relationships among the measures and their various advantages and constraints. 
The work here shows that Google Earth aerial imagery has considerable limitations for scholars 
and designers who are trying to understand the tree cover density asscoated with a particular 
person or along a particular street that has a relatively high density of trees. Using panoramic 
photographs captured on-site, however, provides a reliable representation of tree density that 
people perceive. In the future, it is necessary to replicate this study for other types of urban 
spaces. Moreover, it is necessary to integrate measures of tree density developed through aerial 
photography and eye-level photography to help ensure that every individual has a minimual level 
of access to nearby nature. 
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CHAPTER 3: 
ESTABLISHING THE DOSE-RESPONSE CURVE 
DESCRIBING THE RELATIONSHIP BETWEEN MULTIPLE 
MEASURES OF TREE COVER DENSITY AND LANDSCAPE 
PREFERENCE FOR COMMUNITY STREETS 
Abstract 
Knowing citizens’ collective preference for varying levels of tree cover density is fundamentally 
important for landscape architects and urban forests managers if they are to help provide 
environmentally healthy, satisfying living environments. This study examined the dose-response 
curve for the relationship between varying densities of urban tree cover and landscape 
preference.  
In order to explore the dose-response curve, I identified 142 community streets in four 
Midwestern urban areas in the United States as sample sites. I took panoramic photos of each 
street scene and also collected Google Earth aerial images for the exact same locations. I used 
these photos to objectively measure the tree cover density along each street. Finally, 314 
individuals provided preference ratings for all streetscapes. After remove street scenes that 
contained unique features, responses to 121 sites were analyzed. 
I conducted linear and curvilinear regression analysis to identify the most feasible dose-response 
curve for each measure. Results indicate that the tree cover density calculated from the panorama 
photographs is the most powerful predictor of landscape preference. The dose-response curve 
can be best explained by a power trend curve (adjusted R
2
= .52, p< .0001). The power line shows 
that when sites are relatively barren (tree cover density less than 10%), a slight increase of tree 
density yields a considerable increase of preference. After the tree cover density exceeds 10%, 
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the curve remains positive, but the correlation gradually decreases in strength as the tree cover 
density increases. These findings reveal that the dose-response curve for the tree cover density 
and landscape preference is positive but not linear. Planting more trees in residential areas that 
have few trees will offer more impact for the investment than if the same trees were planted in 
already green areas. Still, the evidence presented here suggests that every tree matters. 
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Introduction 
Background 
In the United States, urban tree cover has experienced a rapid decrease since 1972 (Jones, Davis, 
& Bradford, 2013). During recent years, the U.S. Department of Agriculture’s (USDA) Forest 
Service has led a movement to promote urban forests. This effort is bolstered by scientific theory 
and empirical evidence suggesting that urban forests can offer ecological, social, and human 
health benefits (USDA, 2013). Fortunately, these research and advocacy efforts have urged local 
governments and city planners to start to allocate more trees in urban areas.  
Landscape architects have studied the relationships between greenness and preference; results 
consistently show greener scenes are more beneficial and more preferable than barren ones. The 
presence of more trees is associated with people’s positive preference in a variety of landscapes, 
such as agricultural buffers at the rural-urban fringe (Sullivan, Anderson, & Lovell, 2004), 
suburban communities (Sullivan, 1994), inner-city high-rise apartments (Kuo, Bacaicoa, & 
Sullivan, 1998), small urban parks (Nordh, Hartig, Hagerhall et al., 2009), natural pastures (Ode, 
Fry, Tveit et al., 2009), urban streets (Todorova, Asakawa, & Aikoh, 2004), and riparian zones 
(Kenwick, Shammin, & Sullivan, 2009).  
These studies, however, don’t provide a clear answer for two important questions: What is the 
dose-response curve for tree cover density on landscape preference? What tree cover density is 
necessary to promote public wellbeing in a time of incredibly limited public resources? The 
shape of the dose-response curve is totally unclear, making it difficult to decide how to allocate 
trees for urban spaces with varying levels of tree cover. Without a clear answer for this question, 
city planners will not know how to best allocate their resources to provide people with the 
amount of trees they prefer. 
In order to answer these questions, I investigated the dose-response curve of the public’s 
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landscape preference and a wide range of tree cover density along community streets. I sampled 
the tree cover of 142 single-house community street scenes measured from Google Earth aerial 
images and eye level panorama photographs. Our central questions are twofold: To what extent 
is there a difference in measures of tree cover based on Google Earth’s aerial photography and 
panorama photography shot at eye levels in terms of their predictive power of landscape 
preference? How much tree cover is beneficial for people as indicated by their preference?  
People prefer places with more trees 
There are many competing theories (and evidence in support of those theories) describing why 
people prefer built places with higher levels of tree cover. These theories have in common a 
sense that biological factors contribute to people’s preference for greener landscapes. In addition, 
cultural factors also would be expected to affect landscape preference, and sometimes they may 
have interactive effects with biological ones (Home, Bauer, & Hunziker, 2010). 
Biological interpretations  
Several biologically-based theories argue that humans prefer greener built spaces because our 
species spent millions of years evolving within nature. Humans have spent 99.9% of our 
evolutionary history living in intensely natural habitats (Wilson, 1984). Compared to individuals 
who had no preference for varying landscapes, early humans who preferred settings that 
contained access to food and water and that were safe we much more likely to pass their genes 
on to the next generation and thus become our ancestors.  
Among competing theories, Appleton’s (1975) and Orians’(1980, 1986) theories have been 
widely accepted as reasonable interpretations of landscape preference. Appleton’s (1975) 
prospect-refuge theory suggests that landscape a wide open view allowed humans to observe 
potential predators, and landscapes containing a shelter (a shady tree or cave) prevented humans 
from being seen, giving them advantages for surviving and thriving. Similarly, Orians’ (1980, 
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1986) savannah theory suggests people prefer savannah-like landscape settings characterized by 
open, wide grassland and canopy trees where terrestrial chimpanzees successfully evolved 
modern humankind. 
Kaplan and Kaplan (1989) and Ulrich (1981) further explored why people favor greener 
landscapes. Kaplan and Kaplan (1989) argued that the natural environment can aid in recovery 
from mental fatigue. Viewing nature can help observers recover from mental fatigue caused by 
usage of prolonged, direct, and effortful attention. Because experiencing and responding to 
nature mainly requires involuntary attention, it enables humans to recover from a mentally 
fatiguing task. 
Kaplan and Kaplan’s theory has been supported by a growing amount of empirical evidence. For 
example, children with Attention Deficit Disorder (ADD) who play in greener outdoor play areas 
had less severe symptoms (Taylor, Kuo, & Sullivan, 2001). A survey study of 101 public high 
schools in Michigan in U.S. found that greener views from cafeteria and classroom windows are 
associated with higher test scores, graduation rates, willingness of attending college, and lower 
criminal behaviors (Matsuoka, 2010). In addition, greener landscapes led to a decrease in mental 
fatigue, which is characterized by inattentiveness, irritability and impulsivity, characteristics that 
may lead to anti-social and violent behaviors (Kuo & Sullivan, 2001b). Indeed, in an inner-city 
urban public housing development, residents living in buildings with greener surroundings 
reported less aggression and violence that did residents in more barren surroundings (Kuo & 
Sullivan, 2001b). 
Ulrich’s ‘psycho-evolutionary’ framework and empirical studies (1979, 1981; 1981; 1984, 1986; 
1990; 1991) have led to other studies about the stress recovery effects of unthreatening natural 
scenes. Ulrich (1991) pointed out that an unthreatening natural setting is favored by humans 
because it provides them an opportunity to avoid danger and recharge energy for ongoing 
survival or wellbeing. Different from Kaplan and Kaplan (1989)’s cognitive perspective, Ulrich 
(1991) argued that the human response to restorative nature starts with unconscious emotional 
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responses, and subsequent physiological responses, cognitive evaluations, and behavior adaption.  
In sum, that humans have clear preference for greener landscape settings is understood to stem 
from millions of years of evolution. Today, we understand landscape preference to be a very 
quick, unconscious assessment of how well a person will function in a setting. A green, safe, 
well-organized landscape setting is favored by humans because it provides security and resources 
for humans to survive and thrive, even though modern humans living in urban areas don’t have 
to confront the same threats as their ancestors who lived in African savanna. Green landscapes 
are still favored because the response to natural landscapes has been marked in human genes, and 
contact with natural landscapes provides significant recovery from mental fatigue and stress.  
Cultural factors might affect landscape preference 
Culture or subculture difference may also affect landscape preference (Kaplan & Herbert, 1987). 
Cultural differences can occur at population or individual levels. At a population level, as Kaplan 
and Kaplan (1989, p. 86) point out, people who have similar languages or dialects often share 
similar environmental preferences as well as a knowledge of an environment’s characteristics, 
which would also influence preference. A recent study provided a comprehensive summary of 
the theories and empirical evidence on landscape preference, explaining that people prefer 
landscapes for both biological and cultural reasons, and sometimes these reasons are mixed 
(Home, Bauer, & Hunziker, 2010). Because attitudes about nature are rooted in different 
religious, moral, and aesthetic traditions (Buijs, Elands, & Langers, 2009), it is reasonable to 
expect that people from different cultures might differ in assessment of landscape. Cultural 
influence in landscape preference is more likely to be evident in landscapes with specific cultural 
meanings (Hull Iv & Reveli, 1989).  
A growing number of studies have addressed the cultural differences that shape landscape 
preference. For example, Kaplan and Herbert (1987) found that American participants differed 
from Australian participants in their preference of forest landscapes in Western Australia. Yu 
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(1995) reported that western participants had a different landscape preference on scenes from a 
Chinese national park than Chinese participants, mainly because western participants lacked 
knowledge to understand the cultural meanings delivered by those scenes. Another study found 
native Dutch people differed from recent immigrants from Turkey and Morocco in the 
preference for natural landscapes within the Netherlands mainly because of cultural difference 
between Netherland and Islamic countries (Buijs, Elands, & Langers, 2009).  
Besides cultural differences at a population scale, many researchers found cultural differences at 
an individual scale. Occupational relationship with landscape, education level, personal living 
environment, and professional expertise all influenced landscape preference (Kaplan & Herbert, 
1987; Kenwick, Shammin, & Sullivan, 2009; Sullivan, 1994; Yu, 1995).  
Other environmental factors may have impacts on landscape preference 
Previous empirical studies suggest that many other environmental attributes besides greenness 
impact landscape preference, including color richness of vegetation, biodiversity, upkeep, and 
maintenance of landscapes. For example, a survey study of reclaimed industrial sites shows that 
the amount and diversity of color is positively associated with landscape preference (Hands & 
Brown, 2002). Richness of color can indicate an increase in biodiversity; thus, it may be an 
indirect indicator of the relationship between biodiversity and landscape preference. Indeed, 
several studies show that biodiversity is positively associated with landscape preference: a study 
found lay people’s aesthetic appreciation is positively associated with true species richness of 
natural meadows (Lindemann-Matthies, Junge, & Matthies, 2010). Another study shows 
biodiversity of agrarian landscape is positively associated with beauty ratings (van den Berg, 
Vlek, & Coeterier, 1998). The extent to which a landscape is maintained also predicts landscape 
preference. Grass maintenance in a Chicago neighborhood had a strong effect on residents’ 
preference and sense of safety (Kuo, Bacaicoa, & Sullivan, 1998). Landscapes with clear signs of 
human care are positively associated with landscape preference (Hands & Brown, 2002). 
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A research gap and constraints of previous studies 
Although a growing amount of studies show that a greener built landscape are preferred over less 
green urban and suburban settings, the shape of the dose-response curve describing the 
relationship between tree cover density and landscape preference is totally unclear. Several 
reasons may explain why this problem is not well addressed in previous studies. 
A significant number of previous studies focus on comparing broad categories of landscapes and 
lack information about a specific component of a landscape, such as tree cover (Nordh, 2012). 
Among them, a common mode is to compare impacts of different urban and natural settings on 
preference or health status (e.g., Hartig, Evans, Jamner et al., 2003; Lee, Park, Tsunetsugu et al., 
2009; Ulrich, Simons, Losito et al., 1991). In those cases, designers or managers can hardly find 
a clear answer about how much of a specific type of landscape is necessary or optimal, which 
makes these findings less influential for design and management.  
Another major type of study indeed examines the effects of similar settings with different levels 
of greenness. However, there are two problems that need further research. First, the number of 
levels examined by investigators is often limited to a few levels, such as low, medium, and high 
levels of greenness (Kuo & Sullivan, 2001a). In some other studies, researchers only examined 
sites where tree cover was limited to a relatively small range (e.g., Kuo & Sullivan, 2001a, 
2001b; Sullivan, Kuo, & DePooter, 2004).Therefore, investigators can only depict a rough, 
incomprehensive profile of the relationship between greenness and landscape preference. 
Measuring density of tree cover 
In order to discover how much tree cover people prefer, accurate methods of calculating tree 
cover density are needed. For scholars, designers, and urban forest practitioners. Aerial 
photography, especially Google Earth aerial photography, is the dominant tool to assess tree 
cover density. These individuals also use eye-level photography a great deal. To measure 
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preference, people then view the photos and rate how much they prefer different neighborhood 
scenes. Association between a specific measure of the tree cover density and preference are then 
analyzed. To my knowledge, few previous studies systematically compared measures in terms of 
their capability of being used in studies to indicate preference. During recent years, with the 
development of aerial mapping and photograph technology, especially the emergence of free 
online Google Earth aerial photography, measures of tree density taken from aerial photography 
has been widely used to evaluate greenness of urban environments. For example, i-Tree Canopy 
(2013), a widely used tool in the field of urban forestry, provides free online access to measure 
tree cover density from Google Earth aerial photography. In addition, many population studies 
that examine the health impacts of living in close association with trees used measures of tree 
density taken from aerial imagery (e.g., Donovan, Michael, Butry et al., 2011; Maas, 
Spreeuwenberg, van Winsum-Westra et al., 2009; Maas, Verheij, de Vries et al., 2009; Mitchell 
& Popham, 2008).  
However, measures of tree cover made from aerial imagery may be unreliable for predicting 
landscape preference. Aerial imagery produces measures of tree density that are averaged over 
the extent of a place. But such an average measure may not accurately capture what a person 
walking around in the place experiences. Normally, people see landscapes at eye-level as they 
walk or drive through the environment, not from a top-down perspective as presented in aerial 
photography. Therefore, it is possible that aerial imagery cannot accurately present what people 
perceive at eye level. Indeed, in Chapter 2, I found that the tree cover density measured from 
Google Earth aerial photography is not significantly correlated with perceived tree cover 
measured from eye-level panorama photography when the tree cover density is at a relatively 
high level. Thus, Google Earth aerial photography might be a less reliable tool to predict 
landscape preference than eye-level photography.  
Compared to Google Earth aerial photography, eye-level photography is a traditional tool used 
for decades, and its feasibility is well supported by theories and empirical evidence. Kevin Lynch 
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(1960) pointed out that the public, as they drive or walk through an urban area, perceives the 
place as a series of images. This theory provides rationale for using the technique of image 
analysis in urban planning and landscape design, which mainly builds an argument based on 
individuals’ personal visual experience at the eye-level. Gordon Cullen (1961) suggested that a 
place is visually apprehended by visitors as they enter and move through the place on the ground 
level. It is “an art of relationship” presented as a sequence of images, a relationship between 
“here” and “there.” Kaplan and colleagues (1998) pointed out that humans have the capability to 
visually perceive and understand the natural environment without the assistance of modern 
technology, which is fundamentally important for surviving and thriving.  
Eye-level photography was used by researchers to examine people’s preference on different 
types of landscapes many decades ago (Kaplan, Kaplan, & Wendt, 1972; Kaplan, 1987). As a 
surrogate for real landscapes, eye-level photography of natural landscapes showed measurable 
benefits to humans, which can be assessed by testing changes of preference (Kuo, Bacaicoa, & 
Sullivan, 1998), self-reported moods (Plante, Aldridge, Bogden et al., 2003), and physiological 
measures of stress (Valtchanov, Barton, & Ellard, 2010). But because of the easy access to 
Google Earth aerial photography, designers and managers are increasingly turning to aerial 
imagery rather than to the more costly eye-level imagery, to make assessments.  
High resolution, eye-level panorama photography seems to be a good representation of the real 
environment for two main reasons: first, it contains rich, detailed visual information of the real 
site; and second, it can provide observers a view that is close to what they may see on site. These 
advantages provide the rationale for this study: first, it is appropriate to use panorama 
photographs of various sites to measure observers’ preference; second, it implies a possibility 
that panorama eye-level photography might be a more feasible tool than Google Earth aerial 
photography for examining the relationship between percent tree cover and preference. 
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Research questions  
This study examined the dose-response curve for varying levels of tree density on people’s 
landscape preference. I also assess various three methods for measuring tree density along 
community streets. The first two methods included measures of tree cover density made from 
Google Earth aerial photographs; the third method used a measure of tree cover density made 
from eye-level panoramic photographs. 
In this study, I compare the power of these three measures to predict preference and also identify 
the shape of dose-response curve regarding to the relationship between dose of tree cover and 
landscape preference. By doing that, the study can provide scientific evidence to assist 
professionals in choosing appropriate ways to measure tree cover and deciding how much tree 
cover should be provided to meet citizens’ needs.  
Method 
Overview 
I reviewed high-resolution Google Earth aerial images of 46 community block groups in four 
Midwestern urban areas in the U. S: Champaign-Urbana, St. Louis, Indianapolis, and Springfield. 
Two investigators then visited each block groups and made eye-level panoramic photographs for 
255 community streets. Next, three experts in landscape architecture reviewed all panoramic 
photographs in the laboratory and chose 142 streetscapes to be included in this study. All 
streetscapes had similar spatial, biological, and cultural characteristics but varying levels of tree 
density. Finally, 320 young adults attended a photo-questionnaire survey to rate their preference 
and perceived tree canopy on 30 out of 142 randomly assigned scenes. 314 participants 
completed the survey. Finally, after obtaining all necessary data of multiple measures of tree 
cover density and participants’ landscape preference, investigators used SPSS 16.0 to conduct 
statistical analysis. Mean and two times of standard deviations were used to remove outliers.  
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Selection of streets 
Limiting the confounding physical characteristics of street is a major concern when selecting 
neighborhood streets to be included in a study. I employed several steps to help limit the physical 
characteristics that differed between sites, other than the density of the trees. First, I used 
medium annual income per household at the block group level (data from Google Earth Pro) as a 
controlling socioeconomic factor. I chose 46 block groups with a medium annual household 
income between $50,000 and $75,000, which is considered middle-class in the Midwestern U. S. 
Second, another investigator and I visited every block group and made photographs for 255 
street scenes with a broad range of tree cover density. At this step, we rejected streets without 
sidewalks or street curbs were rejected. Third, three experts in landscape architecture assessed 
the physical characteristics of 255 sites by viewing their panoramic photos. Experts only chose 
sites with similar spatial attributes, sites with following attributes were rejected: presence of 
human beings, moving cars, or parking cars which blocked the view along the street, uncommon 
small or large size of buildings, uncommon large size utility facility, and house with an 
uncommon setback. Different from method of selecting sample sites in Chapter 2, experts further 
removed street scenes with presence of any human beings, pets, and moving cars, exotic 
architectural or landscape elements, parking cars with uncommon styles or striking colors, poorly 
maintained infrastructure, facilities or landscapes, striking blue sky or clouds, gloomy grey sky 
in the statistical analysis. Based on the results of these three steps, street scenes with unique 
physical characteristics were removed to make sure all streets have varying levels of tree cover 
density but similar built environments and had 121 street scenes for data analysis.  
Panoramic photographs of the sites  
I captured a series of photographs from each street. I placed a tripod in the street besides the 
sidewalk and entry of a house, where casual conversation and physical activities most likely 
could occur. There were no big trees or other visual barrier within 10 meters of the camera that 
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could block the view. All photographs were taken on sunny days from 10 a.m. to 3:30 p.m., June 
to August, 2011. Then, a panoramic photograph was created in the lab by combining 
photographs into a panoramic scene using the Photomerge command in Photoshop CS5 (see 
Figure 11, 12, and 13). The panoramic photograph present the whole viewshed of the street 
captured by the video camera and accurately depict the onsite visual experience.  
 
 
 
 
Figure 11. Panoramic street scene with a low tree cover density 
 
 
Figure 12. Panoramic street scene with a medium tree cover density 
 
 
Figure 13. Panoramic street scene with a high tree cover density 
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Three objective measures of tree cover density 
From panoramic photographs  
To quantify tree cover density from panoramic photographs, we used Photoshop CS5 to measure 
the number of pixels in each image. A pixel is the smallest unit of a graphic that can be presented 
and controlled. A digital photo is a two-dimensional grid of pixels. I first selected areas of tree 
canopy and trunk in a panoramic photo and identified the number of pixels in those areas 
measured by Photoshop. Then I identified the number of pixels contained in the entire photo. By 
using the following equation shown in Equation 1, I identified eye level tree cover density for 
each panoramic photograph. By using the similar equation, I identified eye level density of other 
green landscapes (shrubs, flowers, and lawn areas) for each panoramic photograph. By adding 
percent of tree cover and percent other green landscapes, I got percent all green landscapes for 
each panoramic photograph.  
 
Equation 1. The equation for measuring tree cover density from eye-level panoramic photography 
From Google Earth aerial photography 
To quantify tree cover density from aerial photography, I first downloaded high-resolution aerial 
images from Google Earth Pro. I set the altitude at 600 meters for all sites so that all images have 
the same scale and the same resolution (4,800 pixels). All satellite images were captured from 
early October 2011 to ensure that deciduous trees had fully developed canopies and were not yet 
defoliated.  
To measure tree cover from Google Earth aerial photographs, the first step was to identify the 
boundary of the viewshed. There are two possible ways to define the viewshed: (1) defining the 
Percent tree cover calculated from panorama photograph (Panorama Calculated) = Number of 
pixels occupied by tree canopy and tree trunks/number of pixels of the whole panorama photograph 
×100 
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viewshed as the street corridor shaped by ridges of houses, and (2) defining the viewshed as a 
100-meter-wide visual corridor. The street corridor contains the majority of visible trees, whereas 
the 100-meter-wide corridor contains other visible trees that might also impact preference 
responses. Because either method is plausible, I used both to measure percent tree cover using 
Google Earth aerial photographs. 
For the street-corridor method, I used all trees in the street corridor to calculate tree cover. For 
the 100-meter-wide view corridor, I used all trees within the street corridor and other visible trees 
beyond the street corridor but within 100 meters of the view corridor for the calculation (See 
Equation 2). The following two equations were used to measure tree cover in these two types of 
view corridor. In sum, the descriptive statistics of three measures was presented in Table 1.  
 
Equation 2. Two equations for measuring tree cover density from Google Earth aerial photography 
Preference of street scenes 
To assess preference for the street scenes, I created a photo-questionnaire and gave it to 320 
adults. 314 individuals completed the questionnaire (167 women and 147 men, M age= 21.4 
years, SD= 2.6 years). To mitigate cultural differences, I selected participants who had lived in 
the U.S. for no less than 18 years. To reduce the noise caused by disparity in mental health status, 
people with a medical history of diagnosed mental disorders were not allowed to participate in 
the study. In addition, I didn’t recruit individuals who received education or professional training 
in Landscape Architecture or Urban Planning.  
Percent tree cover within street corridor calculated from Google Earth aerial photograph (Google Street 
Corridor) = Number of pixels occupied by tree canopy /number of pixels of the whole street corridor × 100 
Percent tree cover within visual corridor calculated from Google Earth aerial photograph (Google Visual 
Corridor) = (Number of pixels occupied by tree canopy within street corridor + other visible tree canopy within 
the 100m wide visual corridor) /(number of pixels of the whole street corridor + number of pixels of other 
visible tree canopy within the 100m-wide visual corridor) × 100 
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Each participant was randomly assigned 30 out of 121 panorama photographs. For each image, 
individuals were asked “How much do you like this place?” They answered using a Likert scale 
that ranged from 1 (“not at all”) to 5 (“very much”). Cronbach’s Alpha value is 0.92 (N of valid 
cases was 116, N of items was 26. The difference between number of valid cases and actual cases 
was caused by uneven amount of participants assigned to each photograph by a random protocol), 
which suggests a significant high inter-rater reliability. 
The questionnaire yielded analyzable data for 118 sites because 3 sites had incomplete data. 
Cronbach’s Alpha value is 0.92 (n of valid cases was 116, n of items was 26. The difference 
between number of valid cases and actual cases was caused by uneven amount of participants 
assigned to each photograph by a random protocol), which suggests a significant high inter-rater 
reliability. As a summary, the descriptive information of three measures of tree cover density and 
landscape preference after removing outliers by 2 stand deviations was presented in Table 6.  
Table 6. Descriptive statistics of three measures of tree cover density as percent tree cover and landscape preference 
after removing outliers 
 n before outliers removed n after outliers removed M SD  Min Max 
Google Street Corridor 118 114 .16 .15 .00 .47 
Google Visual Corridor 118 115 .20 .18 .00 .58 
Panorama Calculated 118 118 .31 .22 .00 .65 
Landscape preference 117 114 2.82 .47 1.85 3.76 
Using tree cover density as the indicator of greenness 
It is possible that the amount of green landscape other than tree cover—such as lawns, shrubs, 
and flowers—is significantly different among the sampled panoramic photographs. If that were 
the case, these other green elements might impact people’s preference and alter the relationship 
we seek to measure between tree density and preference. Therefore, it may not be reasonable to 
use tree cover density to predict preference. To examine whether this is problem or not, I ran 
one-way analysis of variance (ANOVA) with other green landscape as the independent variable 
and preference as the dependent variable and found no relationship between the density of other 
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green landscapes and preference [F (112,1)=5.66, p=.33]. This finding demonstrates that it is 
reasonable to use tree cover density as the sole indicator of greenness in this study.  
Bayesian Information Criterion (BIC) as a tool to compare predictive power of models 
I calculated Bayesian Information Criterion (BIC) for each of the various models used to predict 
preference. BIC is a widely used criteria employed when you must select among various models 
the one with the best fit (Schwarz, 1978). The more parameters one adds to a regression model 
the more one risks over-fitting the model to the data. BIC addresses this problem by invoking a 
penalty for the number of parameters adopted by the model. For data with small or moderate 
sample sizes, BIC is superior to other popular model selection criteria (Neath & Cavanaugh, 
2012). The simplest model is favored when the difference between BICs is less than 2 (Neath & 
Cavanaugh, 2012). The formula for BIC is given as “BIC=−2l+d×log (n)” where l is the 
log-likelihood of Restricted Maximum Likelihood Estimate (REML), n is total number of cases 
and d is number of model parameters. 
Results 
Results are presented in four parts. First, to understand the relationship between preference and 
three measures of tree cover density, using a scatterplot smoother may be the most 
straightforward method. Therefore, I fit each scatterplot by a LOESS curve to estimate possible 
dose-response trends. Second, to check whether the relationship between tree cover density and 
preference can be explained by a linear dose-response curve, I conducted a series of linear 
regression analysis. Then, to check whether the relationship can be better explained by a 
curvilinear dose-response curve, I conducted a series of curvilinear regression analysis. Finally, I 
identified the most feasible predictor of preference and the most accurate dose-response curve 
for that predictor.  
52 
 
Scatterplots and smoothers 
The scatterplots shown in Figure 14, describe the relationship between three measures of tree 
density and landscape preference. For each measure of tree density, it is possible that 
dose-response relationship is linear because, as the scatter plots indicate, preference gradually 
increases as tree density increases. But it is also possible that the relationships might be better 
explained by curvilinear models because the LOESS curve in each scatterplot seems more likely 
to be curvilinear rather than linear.  
53 
 
 
 
 
 
 
Figure 14. Using scatterplots and LOESS curves to explore relationship between three objective measures 
of tree cover density and landscape preference 
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A linear relationship?  
Pearson correlation analysis shown in Table 7 indicates the three measures of tree cover density 
are significantly associated with preference (p< .0001). Panorama Calculated has a higher 
correlation with preference than the two Google measures. 
Table 7. Pearson correlations (2-tailed) between three measures of tree cover density and landscape preference 
****p< .0001 
The result of linear regression analysis in Table 9 (the first column for each measure) shows that 
Panorama Calculated is the most powerful predictor of preference with highest adjusted R
2
 
values and lowest Bayesian Information Criterion (BIC) values: adjusted R
2
= .44, F(1, 112)= 
91.05, p< .0001, BIC= - 231.06, Y= 1.46X+ 2.36; followed by Google Street Corridor, adjusted 
R
2
= .34, F(1, 108)= 56.22, p< .0001, BIC= - 206.20, Y= 1.79X+ 2.51; and Google Visual 
Corridor, adjusted R
2
= .31, F(1, 109)= 50.07, p< .0001, BIC= - 201.48, Y= 1.45X+ 2.51 (see 
Figure 17). 
 Aerial measure  Eye-level measure 
 Google Street Corridor 
(n=110) 
Google Visual Corridor 
(n=111) 
  Panorama Calculated 
(n=114) 
Landscape 
preference  
 .59****  .56****    .67****  
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Figure 15. Scatter plots and linear regression models for the relationship between three measures of tree 
cover density and landscape preference. Comparison of R2 values and BIC values suggests that Panorama 
Calculated is the most powerful predictor of landscape preference 
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To examine possibilities of heteroscedasticity of the linear regression between landscape 
preference and the three measures of tree density, I conducted White’s test and found no 
significant heteroscedasticity effects in any of the linear regression models. This suggests that the 
linear models identified above are reasonable to explain the relationship between landscape 
preference and each measure of tree cover density (see Table 8).  
Table 8. White’s tests for heteroscedasticity for the linear regression model on the relationship between landscape 
preference and other three objective measures of tree cover density 
Independent variable Dependent variables F  p  
Landscape preference Panorama Calculated F (1, 112)= 2.62 .11 
Google Street Corridor F (1, 108)= 1.26 .28 
Google Visual Corridor F (1, 109)= 1.78 .18 
A curvilinear relationship?  
Although a linear regression model can explain the relationship, a curvilinear model may be 
more appropriate based on my observation on the scatterplots and related LOESS curves. The 
LOESS curves demonstrate, for all three measures of tree cover density, when percent tree cover 
is closer to zero, a slight increase of percent tree cover yields a greater increase in preference. 
However, as the percent tree cover increases from low to medium and then high level, the 
increase rate of landscape preference gradually attenuates but the relationship between percent 
tree cover and landscape preference remains positive. This curvilinear trend suggests it may be 
better explained by quadratic, cubic, or power models than a linear model. 
Results from the BIC values show that the association between preference and each measure can 
be better described by curvilinear models than linear models, as the curvilinear models have 
lower BIC values. According to BIC values presented in Table 9, analyses identified that the 
power model is the most feasible model for all three measures of tree cover density. Then, I 
compared R
2 of power models to examine each measure’s predictive power on landscape 
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preference. Results show that Panorama Calculated is the most powerful predictor of landscape 
preference, R
2
= .52, F (1, 112) = 120.87, p< .0001, BIC = -472.42. The second powerful one is 
the Google Street Corridor, R
2
= .50, F (1, 108) = 109.47, p< .0001, BIC = -453.18, and the least 
powerful one is the Google Visual Corridor, R
2
= .46, F (1, 109) = 95.71, p< .0001, BIC= -399.06.
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Dose-response curve 
Based on previous curve estimations, I identify the dose-response curve of tree cover density and 
landscape preference for each measure.  
Curve for the Google Street Corridor measure 
Figure 16 shows the power curvilinear relationship between preference and Google Earth street 
corridor percent tree cover (adjusted R
2
= .50, p < .0001). The power line shows that when sites 
have low a low density of tree cover (percent tree cover < .05 or 5%), a slight increase of tree 
cover yields a significant increase of preference. As tree cover increases to a moderate or high 
level, preference stays positive, but the slope of the curve is relatively more flat compared to the 
lower levels of tree density.  
The power equation describing the regression of preference using Google Street Corridor is: 
ｙ=3.35ｘ.07 
, where y is the preference and x is the Google Street Corridor. 
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Curve for the Google Visual Corridor measure 
Figure 17 shows the quadratic curvilinear relationship between the Google Visual Corridor and 
preference (adjusted R
2
= .46, p < .0001). The power line shows that when sites have a low 
density of tree cover (percent tree cover < .05 or 5%), a slight increase of tree cover yields a 
significant increase of preference. As tree cover increases to a moderate or high level, preference 
stays positive, but the slope of the curve is relatively more flat compared to the lower levels of 
tree density.  
The quadratic equation describing the regression of preference over Google Earth visual corridor 
tree cover is 
ｙ=3.29ｘ.07 
, where y is the preference and x is the Google Visual Corridor. 
 
Figure 16. The power trend curvilinear relationship between landscape preference and percent tree cover 
within street corridor calculated from Google Earth aerial photograph (Google Street Corridor). F (1,108) 
= 109.47, β = .71, adjusted R2= .50, p < .0001, BIC = - 453.18. Equation: ｙ=3.35ｘ.07 
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Curve for the Panorama Calculated measure 
Figure 18 shows the power curvilinear relationship between Panorama Calculated and landscape 
preference (adjusted R
2
= .52, p < .0001). The power line shows that when sites have a low 
density of tree cover (around < 0.1 or 10%), a slight increase of tree cover yields a significant 
increase of preference. As tree cover increases to a moderate or high level, preference stays 
positive, but the slope of the curve is relatively more flat compared to the lower levels of tree 
density.  
The power equation describing the regression of preference over panorama tree cover is 
ｙ=3.26ｘ.09 
, whereｙis the preference andｘis the Panorama Calculated.
 
Figure 17. The power curvilinear relationship between preference and percent tree cover within visual 
corridor calculated from Google Earth aerial photograph (Google Visual Corridor). F (1,109) = 95.71, 
β= .68, adjusted R2= .46, p < .0001, BIC = -399.06. Equation: ｙ=3.29ｘ.07 
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Figure 18. The power trend curvilinear relationship between landscape preference and percent tree cover 
calculated from panoramic photograph (Panorama Calculated). F(1,112) = 120.87, β= .72, adjusted 
R2= .52, p < .0001, BIC = -472.42. Equation: ｙ= 3.26ｘ.09 
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Discussion 
This study tested for the dose-response relationship between three measures of percent tree cover 
and landscape preference. This discussion examines the main findings, contributions to literature 
and implications, and suggestions for future research. 
Main findings  
Findings of the linear regression analysis in the current study are consistent with findings of 
previous studies: the association between preference and tree cover density can be explained by a 
linear regression model. However, the current study is the first one that has further provided 
detailed, comprehensive curvilinear regression models to explain the relationship between 
preference and measures of percent tree cover.  
The second important finding is that both linear and curvilinear regression analyses found the 
panorama measure is the most accurate predictor of preference indicated by the highest adjusted 
R
2
 value and BIC values, followed by the Google Earth street corridor measure and the Google 
Earth visual corridor measure.  
Another important finding is that the power trend model is more powerful to predict landscape 
preference than linear, quadratic, or cubic trend models. The power trend models for three 
measures show a similar relationship between tree cover density and landscape preference. 
Although they are positively associated, the ratio is not constant. That is, for barren streets, a 
slight additional dose of tree cover can yield a significant increase in preference. However, for 
streets with moderate or high tree cover, the same additional dose of tree cover can only yield a 
slight increase in landscape preference.  
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Contributions to the literature and practice 
Many previous studies have indicated that landscape preference is positively related to tree cover 
density. However, this type of general knowledge is not as influential for design practice and 
urban forest management because it lacks detailed information on how much tree cover is most 
favorable for ordinary people. This is a pioneering study that successfully identifies clear profiles 
of the dose-response curve between three different tree cover density measures and landscape 
preference. It enables professionals to estimate people’s preference for a specific dose of tree 
cover density ranging from low to high levels. Thus, their decision making can be more based on 
scientific evidence rather than intuitive experience.  
Findings on increased rate of preference indicate that adding tree cover is more influential for 
barren communities than their counterparts that already have medium or high density of tree 
cover. When public urban forest resources are limited, landscape planners and city managers 
should give priority to barren neighborhoods instead of adding trees to neighborhoods that 
already have substantial tree cover.  
Results related to all three measures show that sites with a moderate level of percent tree cover 
can yield substantially higher values in preference. This finding suggests that it is smart to keep 
tree cover at a moderate level because additional tree cover will only yield a slight increase of 
preference. Based on these findings, landscape planners and city managers could know when to 
stop allocating trees to communities which are already green enough.  
Google Earth measures of percent tee cover are less powerful than the panorama measure as a 
predictor of landscape preference. This finding is useful for many landscape professionals and 
city managers who rely on top-down percent tree cover from Google Earth aerial imagery for 
decision making. This study strongly reinforces the importance of eye-level photography and 
visiting sites in person so that professionals can see and understand an environment from an 
ordinary person’s perspective. 
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Future research  
Some limitations of this work raise questions for future research. This study used street scenes 
from middle incoming, single-house communities in four major Midwestern cities in the U.S. 
Future research should duplicate this study in other urban environments in various regions. In 
particular, researchers should conduct similar studies in environments which serve residents or 
users who desperately need contact with nature to receive health benefits. Schools, deprived 
neighborhoods, senior centers, working places, and hospitals would be ideal environments to 
study. By using the methods of this study, researchers may identify the dose-response curve for 
each specific type of urban environment. Therefore, they can obtain evidence to support more 
effective design solutions or management regulations for urban forests.  
For this study, landscape experts investigated sites and chose sites with similar spatial, cultural, 
and ecological attributes but varying levels percent tree cover to examine the association 
between tree cover density and landscape preference. However, it is impossible to control all 
confounding factors perfectly. It is possible a slight difference of environmental attributes may 
still impact preference. Thus, for future research, it is necessary to find a more powerful way to 
control confounding factors. It would be necessary to quantify the quality of confounding factors 
to examine the interactive effects of those factors on dose of tree cover and landscape preference.  
This study recruited young adults who have lived in the U.S. for at least 18 years. Thus, the 
findings may not generalize to individuals who come from other cultures. Thus, future research 
should examine how cultural differences influence the relationship between dose of tree cover 
and landscape preference. Also, individual experience with a specific type of landscape may 
influence preference. Thus, future research needs to quantify an individual’s experience of 
contact with nature to control for its impacts on preference (Brown, Barton, & Gladwell, 2013). 
Also, future research should recruit people with a wider range of demographic characteristics, 
such as age, income, employment status, marriage status, and health status, to further enhance 
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the generalizability of this study.  
Conclusion 
In a democratic society, to serve people, it is fundamentally important for landscape architects 
and urban managers to know people’s collective opinions about living environments. This study, 
to my knowledge, is the first study that has identified the dose-response curve for three main 
measures of percent tree cover and landscape preference. The findings suggest the panorama 
percent tree cover is the most powerful and reliable predictor of landscape preference. 
Furthermore, I found the power trend line is the best model to explain the dose-response 
relationship. All these findings provide strong rational support for the campaign of urban forests. 
They also give clear suggestions to landscape architects and urban managers on how to allocate 
limited urban forest resources to communities with varying levels of existing tree cover to 
generate the greatest benefits for people.  
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CHAPTER 4: 
ESTABLISHING THE DOSE-RESPONSE CURVE 
DESCRIBING THE RELATIONSHIP BETWEEN URBAN TREE 
DENSITY AND SELF-REPORTED STRESS RECOVERY 
Abstract 
Although a considerable number of empirical studies have shown that viewing nature is 
associated with recovery from stress, the dose-response curve describing the relationship 
between tree cover density and stress recovery is totally unclear. We do not know if a small 
amount of nature is enough to induce calming effects, whether or not increases in the tree cover 
density produce additional calming effects, or even if the relationship is linear. 
To address this question, I recruited 160 healthy adults. Each participant sat quietly for three 
minutes, then engaged in a standard Trier Social Stress Test (TSST) to induce stress. Participants 
were then randomly assigned to watch one of ten, six-minute long, three-dimensional videos of 
street scenes that varied in the density of tree cover (ranging from 2% to 62%). Participants 
completed three visual analog scale (VAS) questionnaires at the end of the rest period (T1, 
baseline time), at the end of the TSST (T2, stressed time), and at the end of the video (T3, 
recovered time). Each questionnaire included three 10-cm scales to on which participants marked 
their sense of anxiety, tension, and avoidance. 
Regression analyses revealed a significant, positive, linear association between the density of 
tree cover and self-reported stress recovery for the summary stress measure (adjusted R
2
= .05, 
p< .01) and its three constituent measures: anxiety, tension, and avoidance. A further linear 
regression analysis showed the association between the density of tree cover and self-reported 
stress recovery remains significant after controlling for gender, age, and baseline stress level. 
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Although the effect is relatively small, these findings are important considering the nature 
treatment is only a 6-minute video. In sum, these findings suggest that viewing nature in 
communities can significantly aid recovery from mental stress.  
 
  
 69 
 
Introduction 
Background  
Mental stress caused by a variety of social and environmental factors has become a major threat 
to human health for people who live in urban areas (Kennedy & Adolphs, 2011). In 2010, 83.7% 
of the U.S. population lived in metropolitan areas and another 10% lived in micropolitan areas 
(“U.S. Census Data”, 2010) . Mental stress may lead to unhealthy habits and suppression of the 
immune system (Cohen, Miller, & Rabin, 2001). A great number of studies indicate mental stress 
can contribute to cardiovascular diseases, stroke, depression, asthma, and other severe health 
problems (e.g., Aronsson, 1999; Bryant, Harvey, Guthrie et al., 2003; Childs & Wit, 2009; 
Dimsdale, 2008; Gump, MacKenzie, Bendinskas et al., 2011; Mitchell & Popham, 2008; Obrist, 
Lawler, Howard et al., 1974; Prince, Patel, Saxena et al., 2007; Roux, 2003; Steptoe & Brydon, 
2009). Fortunately, there is mounting evidence that exposure to natural environments enhances 
the resources that allow people to more effectively manage their stress. Multiple studies confirm 
that greener landscape settings elicit a greater reduction in the psychological symptoms of stress 
(e.g.,  Chang & Chen, 2005; Hartig, Mang, & Evans, 1991; Leather, Pyrgas, Beale et al., 1998; 
Parsons, Tassinary, Ulrich et al., 1998; Ulrich, Simons, Losito et al., 1991; van den Berg, Hartig, 
& Staats, 2007; Wells & Evans, 2003).  
Although it is well established that exposure to urban forest has stress recovery effects, the shape 
of the dose-response curve is entirely unclear. Lack of this knowledge prevents health care 
providers and public health officials from recommending exposure to urban forests as part of 
preventive health care or clinical treatment programs for more than 262 million Americans who 
live in metropolitan areas (U.S. Census Bureau, 2010). Not understanding the shape and 
implications of the dose-response curve also costs landscape planners and city managers the 
opportunity to make science-based management decisions on allocating urban forest resources 
that might improve the health and longevity of people in the communities they serve.  
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Theories regarding nature and stress recovery 
From an evolutionary perspective, humans have spent more than 99.9 percent of the past two 
million years living in natural environments. Thus, humans have an inherent inclination to 
associate with nature and to adapt the natural environment for survival and thriving (Wilson, 
1984). By evolving in natural settings for millions of years, humans have gained an intuitive 
capability to efficiently process information from nature. However, humans have not evolved to 
respond to and process information from urban settings nearly as well. This capability is lacking 
for urban environments because humans’ brain and sensory systems mainly evolved in natural 
environments (Wohlwill, 1983). Thus, being in urban environments may hinder stress recovery 
because it is more demanding to process information related to artificial settings and materials 
(Ulrich, Simons, Losito et al., 1991; Wohlwill, 1983).  
Ulrich (1983) developed a “psycho-evolutionary” framework to explain why natural 
environments can help humans recover from mental stress. The framework emphasizes humans’ 
“immediate, and unconscious triggered and initiated emotional responses” to danger and nature 
(Ulrich, Simons, Losito et al., 1991, p. 207). These psychological or physiological responses 
would require “only a minimum of cognitive activity” and would help humans adapt to an 
environment or move quickly to avoid threatening encounters. In addition to these immediate 
psychological and physiological responses to stress, natural settings would help humans recharge 
both mental and physical energy to sustain subsequent activities. This stress recovery response to 
unthreatening natural settings is accompanied by increased positive feelings and reduced levels 
of arousal (Ulrich, Simons, Losito et al., 1991). After millions of years of evolution, the 
psycho-physiological positive responses to unthreatening natural settings are deeply rooted in the 
genes of human beings. Humans developed these stress recovery responses in unthreatening 
natural environments and we do not seem to have the same stress recovery capacity in urban 
spaces dominated by artificial landscapes (Ulrich, Simons, Losito et al., 1991).  
 71 
 
Empirical evidence 
An expanding body of empirical research has found a strong positive association between 
contact with natural environments and stress recovery, providing evidence to support Ulrich’s 
ideas. Many of these studies measured the stress recovery through subjective measures or 
physiological responses, which strongly boosts the reliability of the findings. Here I categorize 
these studies as survey or interview studies, laboratory studies, and field studies.  
First, a growing amount of survey or interview studies across national, city, and local 
neighborhood scales consistently found correlations between higher levels of greenness and 
higher levels of positive moods which are related to stress recovery. An interview study found 
greater amounts of nature visible from windows were correlated with higher levels of calm 
feeling (Kaplan, 2001). A survey study of children living in rural New York Communities found 
that nature nearby their homes significantly promoted children’s psychological health and 
buffered the negative impacts of stressful life events (Wells & Evans, 2003). A nationwide 
survey in the Sweden found access to workplace greenery is negatively associated with workers’ 
self-reported levels of stress (Lottrup, Grahn, & Stigsdotter, 2013). A nationwide survey in the 
Netherlands found that green space around the home buffered the negative impacts of stressful 
life events (van den Berg, Maas, Verheij et al., 2010). 
Second, laboratory studies consistently suggest that people can achieve increased stress recovery 
when exposed to photos or videos of nature, as a surrogate for the actual natural setting. Ulrich’s 
early studies found photos of natural settings elicited significantly greater levels of positive 
emotions than slides of urban settings (Ulrich, 1979, 1984). In a later study, Ulrich and 
colleagues (1991) found that viewers exposed to a 10-minute video of natural settings had 
greater stress recovery than viewers who watched videos of urban settings, as measured by 
self-rating affective states and physiological indicators of stress. Similarly, participants who 
watched a 30-minute video of a drive in a natural setting generally gained a greater stress 
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recovery than those who watched a video of a drive in an urban setting (Parsons, Tassinary, 
Ulrich et al., 1998). In addition, researchers found viewing photographs with greener office 
windows elicited greater positive impacts on subjective emotions and physiological responses 
indicating stress recovery (Chang & Chen, 2005).  
Third, field studies in the last ten years further reinforce the notion that contact with natural 
environment is beneficial for stress recovery. A recent study comparing four sites with varying 
levels of greenness found that the site with the highest level of greenness is associated with the 
greatest recovery effect on visitors’ self-reported stress and salivary alpha-amylase (sAA), which 
is an enzyme of stress (Beil & Hanes, 2013). A higher percentage of green space in the 
residential environment was associated with lower residents’ self-reported levels of stress and 
higher levels of diurnal cortisol slopes (Ward Thompson, Roe, Aspinall et al., 2012). Compared 
to individuals who visited urban settings, participants who visited forest landscapes gained 
significantly higher levels of subjectively-measured calm and refreshing feelings and lower 
levels of salivary cortisol, pulse rate, and blood pressure (Lee, Park, Tsunetsugu et al., 2009). 
Horticulture therapy significantly reduced cardiac rehabilitation inpatients’ negative moods, 
including anxiety and tension, while regular education classes didn’t have same calming effects 
(Wichrowski, Whiteson, Haas et al., 2005). 
A gap in our knowledge 
Although evidence supports the general effect of natural environments on stress recovery, the 
shape of the dose-response curve is entirely unclear: compared to a barren space, how much does 
the addition of a little tree cover reduce perceived stress? When percent tree cover increases 
gradually, will the stress reduction increase correspondingly? The lack of knowledge of the 
dose-response curve hinders landscape planners and policy makers from making informed design 
and planning recommendations toward health enhancing environments.  
Previous studies have not offered a clear picture of the dose-response curve, often because of 
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research constraints or different purposes. One common type of study mainly focuses on the 
binary comparison of urban and natural landscapes and their effects on stress recovery (e.g., 
Chang & Chen, 2005; Roe & Aspinall, 2011; Ulrich, Simons, Losito et al., 1991). Although these 
studies consistently found that natural landscapes are more beneficial than urban ones, landscape 
planners and urban forest managers can hardly gain clear answers from these studies about how 
much tree cover is necessary for urban spaces to gain an optimal stress recovery effect.  
Another common type of study examines the relationship between varying levels of greenness 
within urban places and stress reduction. However, the majority of these studies do not choose a 
specific type of urban space, such as a park or school yard, for an experiment, but instead 
compare different kinds of urban spaces (e.g., Beil & Hanes, 2013; Hernandez & Hidalgo, 2005). 
This is problematic because it is difficult to eliminate the impact of other distinctive 
environmental characteristics when analyzing the effect of greenness. In addition, the number of 
levels of greenness in some studies is limited, normally to around 3 or 4 levels, which makes it 
difficult to identify a detailed dose-response curve (e.g., Beil & Hanes, 2013; Kuo & Sullivan, 
2001a). In some other studies, researchers only found sites where tree cover was limited to a 
relatively small range, which makes it hard to identify a dose-response curve for places with a 
wider range of tree cover (e.g., Kuo & Sullivan, 2001a, 2001b; Sullivan, Kuo, & DePooter, 
2004). 
Research question 
The current study examines the relationship between exposure to various levels of percent tree 
cover measured from panoramic photography of single-house American community street scenes 
and reductions in self-reported stress. I explore the extent to which increases in percent tree 
cover result in identifiable changes in self-reported stress. To what extent can increased percent 
tree cover contributes to stress recovery? What is the shape of the dose-response curve? Is it an 
upward line, an upward curve, or an S-shaped curve (see Figure 19)? Understanding the shape of 
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the dose-response curve will help us decide the optimal amount of tree cover in neighborhoods in 
terms of stress recovery effects.  
 
Figure 19. A gap in our knowledge: The dose-response curve of the relationship between percent tree cover and 
perceived stress recovery is totally unclear although previous studies have consistently shown a general positive 
association between increase of greenness and effect of perceived stress recovery 
Method 
Inducing psychological stress 
Participants then took a Trier Social Stress Test (TSST) that included a 5-minute public speech 
and a 5-minute mental calculation (Kirschbaum, Pirke, & Hellhammer, 1993) to induce 
psychological stress. TSST has been widely used to induce stress in individuals participating in 
laboratory experiments. Participants were instructed to deliver a speech about their dream job for 
5 minutes and then perform a mental subtraction task. During this task, we asked them to 
subtract 16 from a series of four-digit numbers over a period of 5 minutes. Participants could not 
use paper and pencil or any other device to help them solve the subtraction test. They were asked 
to state their answer out loud. If their answer was correct, the researcher gave them a new 
four-digit number from which they subtracted 16. If their answer was incorrect, the researcher 
said “incorrect” and asked them to try again and repeated the four-digit number.  
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Ten, three-dimensional videos 
Videos shot from 142 residential neighborhoods with varying levels of urban forest tree cover 
were captured with a 3-D video camera (Sony HDR-TD10). All neighborhoods selected were 
medium-income single-house neighborhoods in four Midwestern urban areas in the U.S. Each 
shot in the videos was taken by smoothly panning 150 degrees in the clockwise direction over a 
period of 30 seconds. All videos were taken between 10 a.m. and 3 p.m. during June to August, 
on sunny days without strong wind. For the final videos, I selected the smoothest shots with the 
least variation in sunlight, street and building design, street upkeep and building maintenance 
and other influencing factors. Ten levels of different percent tree cover were generated as shown 
in Table 10.  
Table 10. Range and mean of percent tree cover of ten street scene videos 
Video 1st 2nd 3rd 4th 5th 
Range 0-2.5 2.6-5.0 5.1-7.5 7.6-10.0 10.1-20.0 
M 1.7 3.8 6.1 8.9 14.9 
SD 1.2 .1 .9 .9 3.7 
Video 6th 7th 8th 9th 10th 
Range 20.1-30.0 30.1-40.0 40.1-50.0 50.1-60.0 60.1-70.0 
M 24.0 35.7 44.4 54.1 62.0 
SD 3.6 1.9 3.6 2.4 .7 
Note: Each video contains 5 videos clips for 5 community streets. 
Using tree cover density as the indicator of greenness 
It is possible that the amount of green landscape other than tree cover—such as lawns, shrubs, 
and flowers—is significantly different among the sampled panoramic photographs. If that were 
the case, these other green elements might impact people’s stress response and alter the 
relationship we seek to measure between tree density and stress recovery. Therefore, it may not 
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be reasonable to use tree cover density to predict stress recovery. To examine this problem, I run 
one-way analysis of variance (ANOVA) and found there was not a significant difference of 
percent other green landscapes among ten videos at the p <.05 level for 50 video clips, F (9, 40)= 
1.54, p=.17. In addition, Levene’s test confirms a significant homogeneity of percent other 
landscapes among ten videos, LS=1.71, df1=9, df2=40, p= .12. These findings demonstrate that 
percent of other landscapes don’t significantly vary among videos to have a statistically robust 
impact on greenness. Therefore, it is reasonable to use tree cover density as the sole indicator of 
greenness in this study.  
Table 11. Range and mean of percent other green landscapes of ten street scene videos (100%) 
Videos 1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th 
M 17.0 16.4 19.1 14.1 17.5 15.6 15.8 16.7 17.4 14.2 
SD 3.6 2.0 3.0 2.2 2.0 2.7 2.0 3.9 1.3 3.4 
Note: Each video contains 5 videos clips for 5 community streets. 
To create the videos, I combined 30-second sections of five sites within the same density of tree 
cover. I used the Sony Vegas Pro 11 software to edit the 3-D shots and combine clips from the 
five video shots, which yielded 10 videos, one for each level of percent tree cover. Smooth 
transitions were added to ensure that there were no sudden changes of scenes in the videos. The 
final videos were 6 minutes long. Participant viewed the 3-D videos through a 3-D personal 
viewer (Sony HMZ-T1) (see Figure 20). 
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Figure 20. Watching a 3-D video through a 3-D personal viewer (Sony HMZ-T1) 
The Visual Analogue Scale to measure self-reported stress 
I used the Visual Analogue Scale (VAS) to measure self-reported stress levels at the four times 
during the experiment: before the TSST, after the TSST, after the 3D community video, and at 
the end after rest. The VAS has been widely used in clinical research and was reported to be a 
valid method for rating subjective phenomena (Childs, Vicini, & De Wit, 2006; Kirschbaum, 
Pirke, & Hellhammer, 1993; Lara-Munoz, de Leon, Feinstein et al., 2004). Compared to other 
methods with a set of restricted options, the VAS provides greater sensitivity for measuring 
perceived stress and more freedom to depict uniquely subjective experiences (Marsh-Richard, 
Hatzis, Mathias, Venditti, & Dougherty, 2009). When using the VAS, researchers employ a wide 
variety of stress indices or subjective indicators of stress. For instance, Childs et al. (2006) used 
“anxiety,” “uneasy,” “jitteriness,” “stimulation,” and “calmness” as indicators of stress. To 
effectively measure participants’ stress status but bring little burden to them, this study used a 
modified version of von Dawans’s TSST-G VAS protocol including the indices “anxiety” , 
“ tension” , and “avoidance” (desire to leave the situation) (von Dawans, Kirschbaum, & 
Heinrichs, 2011). In the study, the stress VAS questionnaire consisted of three 10-cm horizontal 
lines representing anxiety, tension, and avoidance. The left end of the line was marked “not at all” 
(0) and the right “extremely” (100). Participants were directed to place a mark (X) on each line 
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indicating the degree of stress they felt at that moment. By measuring the distance from the left 
end of the scale to the mark, I can identify the value for a specific VAS index. 
Participants 
This study recruited 160 healthy adults and 158 completed the VAS questionnaires: 80 men, 78 
women. Their age range was limited from 18 to 32 to reduce difference in cortisol levels caused 
by age difference (M=21.20, SD = 2.67). Participants included 75 Caucasians, 61 Asian 
Americans or Pacific Islanders, 8 African Americans, 7 Hispanics, 4 Middle Eastern or Persians, 
and 3 Native American or Alaska Natives.  
To mitigate influence of cultural differences on stress responses, participants needed to have 
lived in the U.S. for no less than 18 years. To reduce the impacts of in mental health status, 
individuals with a medical history of diagnosed mental disorders were not allowed to participate 
in the study. In addition, I didn’t recruit individuals who received education or training in the 
field of Landscape Architecture or Urban Planning. 
Experiment procedure & data collection 
All participants took the experiment during the same 2:30-5:30 p.m. time period from May to 
August, 2012. Upon arrival at the laboratory, after received an introduction to the experimental 
procedure and devices, participants gave informed consent to participate and filled in a health 
form to ensure that they had no major health conditions or drug use that would influence the 
research results.  
During the experiment, each participant sat in front of two interviewers across a table. A video 
camera was focused on the participant and they were told that a recording was being made that 
would be assessed later – in fact, the camera did not make any recordings. Participants were 
allowed to rest for 3 minutes to familiarize themselves to the lab environment. After that, they 
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filled out the first Visual Analogue Scales (VAS) questionnaire (T1: baseline time) for their 
baseline stress levels. Next, they participated in the Trier Social Stress Test (TSST) and then 
immediately completed a second VAS questionnaire (T2: stressed time).  
Each participant was then randomly assigned to watch one of the ten 3-D community street 
videos. After the videos, participants were tested once again on the Visual Analogue Scales 
questionnaire (T3: recovered time), and then allowed to relax for 3 minutes at the end of the 
experiment. The video camera was used to elicit social stress that was only be turned on during 
the TSST (von Dawans, Kirschbaum, & Heinrichs, 2011).  
After completing the experiment, each participant was given 15 minutes to write a 
paragraph-long narrative about their feelings during the experiment in a text box on a computer 
in another quiet room. The purpose of asking the participants’ narratives was to further explore 
stress recovery effects of the NT (see Figure 21). For triangulation and complementarity, other 
physiological measurements of stress, including skin conductance and salivary cortisol, were 
also conducted in the experiment, which will be discussed in the next chapter (chapter 5).  
 
Figure 21. Sequence of the experiment and timing for collecting three visual analog scale (VAS) questionnaires 
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Results 
Results are presented in four sections. First, I confirm whether the TSST was an effective stressor. 
In the second section, I conduct a simple linear regression model to examine the relationship 
between percent tree cover and changes of values of the VAS indices immediately before and 
after watching the community street video (T2 minus T3). In the third section, I run a curvilinear 
model analysis to check whether the association between percent tree cover and the stress indices 
can be better explained by quadratic and cubic models. In the fourth section, the VAS analysis 
results are checked against the narratives that the participants wrote at the end of the experiment.  
Calculating change in stress level 
The scores on reported stress levels are right skewed and the standard assumptions of regression 
were violated, so I made a log transformation of the original measures of the stress scores to 
reduce kurtosis. The transformed data prove to be normally distributed, and the homogeneity of 
variance holds. A reliability test shows that the Chonbach’s Alphas are between .55 to .80, which 
suggests good measurement reliability. 
After the logarithmic transformation of the raw data, I used the standardized mean-change 
statistic (d) to estimate the effect size of the change in stress status. Dickson and Kemery (2004) 
stated that the d value has been widely used as an index for repeated measures effect size 
estimates. An effect size of .20 is small, .50 is moderate, and .80 or greater is large. 
d= (Mpost_stressor –Mpre_stressor)/S.D.pre_stressor 
d= -(Mpost_treatment –Mpre_treatment)/S.D.pre_treatment 
Did the stressor induce stress?  
To what extent did the mock job interview speech and mental subtraction task (the TSST) 
produce a stress response in our participants? To address this question, I conducted paired t-tests 
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on mean values of anxiety, tension, and avoidance levels immediately before and after the TSST. 
Table 12 below shows that the TSST did successfully evoke participants’ psychological 
responses indicated by a significant increase of self-reported combined stress, anxiety, tension, 
and avoidance levels (p < .0001). These results confirm that the TSST is an effective laboratory 
stressor.  
Table 12. Self-reported measures of stress and its three constituent measures before and after participants were 
exposed to the TSST 
  Summary Stress Anxiety Tension Avoidance 
Baseline Time (T1) M - .22 - .12 - .14 - .38 
SD  .65  .68  .73  .80 
Stressed Time (T2) M  .45  .54  .54  .27 
SD  .46  .38  .45  .74 
Comparison (T1-T2) M - .67 - .66 - .68 - .65 
SD  .62  .65  .75  .78 
t -13.19**** -12.36**** -11.04**** -9.95**** 
Note: The raw data were log-transformed.  
The value of the summary stress is the average value of anxiety, tension, and avoidance. 
Significant levels are ****p< .0001. 
The dose-response curve  
The purpose of this study is to identify the dose-response curve for varying densities of tree 
cover on a person’s recovery from a stressful event. To identify the dose-response curve, using a 
scatterplot smoother may be the most straightforward method. Therefore, I fit each scatterplot by 
a LOESS curve to estimate possible dose-response trends. Then, I used linear regression models 
to examine whether the curve is a linear one. After that, I used quadratic and cubic models to 
examine whether the curve can be better explained by curvilinear models.  
According to three scatterplots in Figure 22, the LOESS curves show a positive, linear trend. 
This trend is not only clear for all participants as a whole group, but also clear for women and 
men as two different subgroups.  
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Figure 22. Using scatterplots and LOESS curves to explore relationship between percent tree cover 
(%) measured from panoramic photographs and three groups of participant: all participants (top), 
women (middle), and men (bottom) 
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The analysis of the scatterplots and smoothers imply that the association between percent tree 
cover and stress is a linear relationship in which the greener a setting, the greater the stress 
reduction. To test this possibility, I conducted a simple regression with percent tree cover as the 
independent variable and the four logarithmic transformed measures of self-reported stress as the 
independent variables (See Table 3). Results from these ordinary least squares regressions 
indicate that the dose-response curve can be explained by a linear regression equation. Not only 
the summary measure of participants’ self-reported stress reduction but also its three constituent 
measures have significant, positive linear relationships with percent tree cover.  
Perhaps the relationship can be better explained by curvilinear regression equations. The most 
straightforward test of this possibility is to conduct a quadratic regression with the same 
variables as before (see line 2 in Table 3). Results show that anxiety reduction and summary 
stress reduction have significant associations with percent tree cover. Avoidance reduction has a 
marginally significant association with percent tree cover.  
I wondered whether a more complex curve might better describe the dose-response curve. To test 
this possibility, I conducted a cubic regression with the same variables as before (see the 3rd row 
in Table 13). Results show that only the summary stress reduction has a significant quadratic 
relationship with percent tree cover. Anxiety reduction has a marginally significant association 
with percent tree cover. 
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Table 13. Comparison of linear and curvilinear regression models for the relationship between percent tree cover and 
measures of self-reported stress reduction after participants viewed the nature treatment video 
 Summary stress   Tension   Avoidance   Anxiety  
 Adjusted R2 BIC  Adjusted R2 
 
 Adjusted R2 BIC  Adjusted R2 BIC 
Linear   .05** 25.14   .02M 
 
  .03* 
 
-64.15   .04** 
 
94.00 
Quadratic   .05* 27.14   .01 
 
  .03M 
 
-62.15   .03* 
 
96.00 
Cubic   .04* 27.63   .00   .02    .03M 98.00 
Note: Stress reduction is the outcome that using stress levels immediate after TSST (Time 2) to minus stress levels 
immediate after the nature treatment (Time 3) (all values were logarithmic transformed before the calculation). BIC 
values were calculated and compared only if there are two or more models fitting for each measure when p< .1. 
Mp< .1 
*p< .05 
**p< .01 
These results raise the question, which curve fits the data best for the relationship between 
percent tree cover and avoidance reduction? To identify whether the quadratic or cubic model is 
more appropriate, I calculated Bayesian Information Criterion (BIC) for each model. BIC is a 
widely used tool for selecting among various models the one with the best fit (Schwarz, 1978). 
The more parameters one adds to a regression model the more one risks overfitting the model to 
the data. BIC addresses this problem by invoking a penalty for the number of parameters adopted 
by the model. For data with small or moderate sample sizes, BIC is superior to other popular 
model selection criteria (Neath & Cavanaugh, 2012). Normally, a model with the lowest BIC 
value is favored if the difference is equal or greater than 2, but a simpler model is favored when 
the difference between BICs is less than 2 (Neath & Cavanaugh, 2012).  
To identify the most appropriate model, I calculated and compared BIC values for all significant 
or marginally significant linear, quadratic, and cubic models for each measure of stress reduction. 
Results in Table 3 show that all linear models have the lowest BIC values. In addition, a linear 
model contains the least amount of parameters. Thus, I conclude that, compared to quadratic and 
cubic models, the linear model best explains the dose-response relationship for the summary 
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measure of stress reduction and the three constituent measures. As percent tree cover is the 
highest at 62.0%, the video has the greatest summary stress recovery effect at 1.91 (d), which is 
1.61 times greater than the effect elicited by the video with lowest percent tree cover (1.7%) (see 
Figure 23). 
 
To check whether the effects of viewing street scenes with varying levels of tree canopy 
coverage would be different for women and men, I conduct linear and curvilinear model analysis 
for each gender. 
For women, as shown in Table 14 and Figure 24, the dose-response curve for the summary stress 
reduction (R
2
= .05, p= .02) and its constituent measures can be explained by a linear model. 
Further curvilinear estimation shows that the curve for avoidance reduction can also be explained 
by a quadratic model and a cubic model (p< .05); in addition, the curve for anxiety reduction can 
be explained by a quadratic model with marginal significance (p< .10). To identify the best 
  
Figure 23. The linear association between eye-level percent tree cover (%) and the summary measure 
of self-reported stress reduction (effect size) for all participants. F (1,149) = 8.53, β = .23, adjusted R2 
= .05, p < .01. Equation: ｙ= .012ｘ+1.172 
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model, analyses calculated BIC values for all significant and marginally significant models and 
results show that the linear model has the lowest value for each measure. Therefore, analysis 
concludes that the linear model could be more appropriate than other curvilinear models. As 
percent tree cover is highest at 62.0%, the video has the greatest summary stress recovery effect 
for women at 2.03 (d), which is 1.55 times greater than the effect produced by the video with the 
lowest percent tree cover (1.7%). 
For men, as shown in Table 15 and Figure 24, analyses found that the curve for the summary 
stress reduction can be explained by a linear model (Adjusted R
2
= .04, p= .04). It also can be 
explained as a marginally significant quadratic model (Adjusted R
2
= .04, p= .09). For the three 
constituent measures, neither linear nor curvilinear models can explain the dose-response 
relationship. Comparison of BIC values indicates that the linear model can more appropriately 
explain the dose-response curve for the summary stress reduction. As percent tree cover is 
highest at 62.0%, the video has the greatest stress recovery effect at 1.87 (d), which is 1.73 times 
greater than the stress recovery effect of the video with the lowest percent tree cover (1.7%).  
Table 14. Comparison of linear and curvilinear regression models for the relationship between percent tree cover and 
measures of women’s self-reported stress reduction after they viewed the nature treatment video 
 Summary stress 
reduction 
 Tension reduction  Avoidance reduction  Anxiety reduction 
 Adjusted R2  Adjusted R2 
 
 Adjusted R2 
 
BIC  Adjusted R2 
 
BIC 
Linear   .05*   .05*   .10** -57.32   .04* 28.64 
Quadratic   .03   .04   .09* -53.32   .05M 30.64 
Cubic   .03   .02   .07* -53.32   .03  
Note: Stress reduction is the outcome that using stress levels immediate after TSST (Time 2) to minus stress levels 
immediate after the nature treatment (Time 3) (all values were logarithmic transformed before the calculation). BIC 
values were calculated and compared only if there are two or more models fitting for each measure (p< .1) 
Mp<.1 
*p< .05 
**p< .01 
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Table 15. Comparison of linear and curvilinear regression models for the relationship between percent tree cover and 
measures of men’s self-reported stress reduction after they viewed the nature treatment video 
Summary stress reduction Tension reduction Avoidance reduction Anxiety reduction 
Adjusted R2 BIC Adjusted R2 Adjusted R2 Adjusted R2 
Linear .04* 22.50 - .01 .02 .02 
Quadratic .04M 23.02 - .02 .01 .01 
Cubic .03 - .04 .00 - .01 
Note: Stress reduction is the outcome that using stress levels immediate after TSST (Time 2) to minus stress levels 
immediate after the nature treatment (Time 3) (all values were logarithmic transformed before the calculation). BIC 
values were calculated and compared only if there are two or more models fitting for each measure (p< .1) 
M
p<.1 
*p< .05
**p< .01 
 88 
 
 
 
 
 
 
 
Figure 24. Dose-response curve of impacts of viewing community street videos with varying percent tree 
cover (%) on the summary measure of self-reported stress (effect size). The top figure is for women, F (1,75) = 
4.58, β= .24, adjusted R2= .05, p < .05. Equation: ｙ= .012ｘ+1.280. The bottom figure is for men, F (1,149) 
= 8.53, β= .23, adjusted R2= .05, p < .01. Equation: ｙ= .012ｘ+1.172. 
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Gender, age, baseline stress level 
To address the potential impacts of age, baseline stress level, and gender on the relationship 
between percent tree cover and stress reduction, I entered each of these three factors along with 
percent tree cover as independent variables in a multiple regression with stress reduction as the 
dependent variable. In each case, the multiple regression models yield significant results. And, in 
each case, after controlling for age, gender, and baseline stress level, the density of the tree cover 
still holds its positive linear relationship with the summary stress reduction and its three 
constituent measures. Specifically, as shown in Table 16, the association is significant for 
summary stress (p< .01), anxiety reduction (p< .01), and avoidance (p< .01). The association is 
marginally significant for tension (p<.10). 
Gender, age, and baseline stress level show different levels of effects on the models. Specifically, 
gender has a very weak effect: it has no significant effect on the summary stress reduction, 
tension reduction, and anxiety reduction, and only a marginally effect on the avoidance reduction 
(p< .10). Age has a much stronger effect: it has a significant effect on anxiety reduction (p< .01), 
marginally significant effect on the summary stress reduction (p< .10) and avoidance reduction 
(p< .10). Baseline stress level generally has the most salient effect in the four models, and it is 
negatively associated with stress reduction in each. 
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Table 16. Regression coefficients for models predicting the summary measure of stress reduction and its three 
constituent measures 
 Model 1  Model 2  Model 3  Model 4 
 Summary stress 
reduction  
 Tension 
reduction  
 Avoidance 
reduction  
 Anxiety 
reduction  
 β  β  β  β 
Percent Tree cover  .21**   .14M   .24**   .20** 
Age - .14M  - .08  - .15M  - .19** 
Gender - .11  - .11  - .15M  - .09 
Baseline stress level - .30***  - .28***  - .15M  - .37**** 
Adjusted R2  .15   .10   .11   .20 
F  7.72****  5.02***  5.24***  1.20**** 
n 151  147  143  150 
Note: Baseline stress has different meaning for each model. For model 1, it means baseline summary stress level; for 
model 2, it means baseline tension level; for model 3, it means baseline avoidance level; for model 4, baseline stress 
means baseline anxiety level. Woman was coded as 0 and man was coded as 1. 
Participant’s narrative and dose-response curve 
Do the written narratives also help explain the dose-response curve of percent tree cover to stress 
recovery? To answer that question, I conducted a keyword analysis that suggests the answer is 
yes. Among the 160 participants of the study, 144 (90%, 75 women, 69 men) wrote narratives 
reporting their feelings while watching the community street videos. If a participant reported that 
a video reduced stress by using the stress recovery keywords listed in Table 17, then this suggests 
that she or he experienced a stress recovery through watching the video. I calculated the 
percentage of participants assigned to watch the same video that reported a stress recovery 
experience and then identified its relationship with the percent tree level of the ten videos (see 
Figure 25).  
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Table 17. Key words used by participants to describe their experience of stress recovery 
Theme  Keywords 
Stress recovery 
experience 
 Relaxing, calming, tranquil, at ease, comfortable, peaceful, serene, settled, safe, quite, a 
reprieve, mesmerizing, soothing, pleasant, unrushed, undisturbed, enjoyable, worry-free. 
Figure 25 shows that the percent of people using keywords indicating stress recovery increases 
as the density of tree cover increases. At the lowest level of tree density (mean of 1.7%), only 
41.2% participants reported a calming effect. As percent tree cover reaches 35.7%, more than 90% 
percent of participants reported a stress recovery experience. All of participants (100%) who 
watched the two videos with highest percent tree cover reported a stress recovery experience.  
Those who watched videos with very low percent tree cover generally expressed complaints: “I 
prefer older houses surrounded by mature trees and plants, not just a lawn,” as opposed to those 
who watched a dense green video: “I liked how many of the neighborhoods had many trees and 
greenery.” A female participant expressed her feeling for trees: “I noticed that the landscapes 
with the most greenery made me happier and put me more at ease, as they were more relaxing 
and inviting.” Another female respondent described her perception of the stress reduction effect 
of trees: “Even the trees gave some impression of ‘just sit back and relax.’” 
 
Figure 25. The relationship between percent tree cover and percent of participants who reported the stress recovery 
effect for each of the ten videos 
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Discussion 
This study is the first experimental study that successfully depicts a comprehensive, statistically 
reliable dose-response curve for the impacts of viewing community street videos with varying 
densities of tree cover on self-reported stress reduction. The curve is a positive, straight line 
indicating that a video containing higher levels of percent tree cover at eye level can elicit a 
greater self-reported stress reduction. This finding is supported by both quantitative data obtained 
from the VAS questionnaire and qualitative data obtained from written narrative surveys.  
In the following sections, I first introduce the important contributions of this study to the body of 
knowledge and research methods. Next, I point out the important problems needing to be 
addressed by future researchers. Then I address several important implications for practice on 
landscape planning and urban forest management. Finally, I conclude by suggesting that city 
planners create more opportunities for citizens to recover from stressful experiences.  
Contributions 
Identification of the dose-response curve 
The most important contribution of this work is to have identified a positive, linear 
dose-response curve indicating that an increase in tree density yields greater self-reported stress 
reduction. Watching the 6-minute video with the highest percent tree cover (62.0%) has 1.6 
times greater stress recovery effect than watching the 6-minute video with the lowest percent tree 
cover (1.7 %). 
Although a growing amount of empirical work has consistently shown that greener landscapes 
are associated with less reported stress or greater recovery from stress in different genders, ages, 
and socio-economic status (e.g. Beil & Hanes, 2013; Chang & Chen, 2005; Grahn & Stigsdotter, 
2003; Lottrup, Grahn, & Stigsdotter, 2013; Ward Thompson, Roe, Aspinall et al., 2012), a variety 
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of constraints have prevented scholars from identifying a comprehensive, detailed dose-response 
curve. To overcome those obstacles, I developed a set of specific research designs which may be 
helpful for future researchers seeking to further explore the dose-response curve.  
First, this study focused on a specific type of urban space, neighborhood streets within 
single-family communities. This single land use removed sources of variability in the 
presentation of the scenes and gives me greater confidence in the outcomes. Second, I created ten 
nature treatment videos made up of scenes from 50 community streets scenes with a wide, 
fine-grained range of variability in the density of tree cover – from 1.7% to 62.7%. To my 
knowledge, no previous study has created nature treatments with this broad array of densities of 
tree cover. This span of densities enables me to get a more complete profile of the dose-response 
curve at various levels of tree cover. Third, I recruited 160 participants to take part in this 
assessment which is considerably more than is typical for experiments in environment-behavior 
research (e.g., Beil & Hanes, 2013; Lee, Park, Tsunetsugu et al., 2009; Ward Thompson, Roe, 
Aspinall et al., 2012). All these efforts increase the validity of our findings. 
The steps I took to increase the validity of our findings also decrease the generalizability of our 
findings. Having examined only one type of urban space, the neighborhood street corridor of 
medium income communities, it is unclear how these findings generalize to other kinds of built 
spaces. Future research should examine a variety of other settings such as urban streets in poor 
neighborhoods, urban parks, schools, campuses, and hospital gardens across the urban, suburban, 
and rural spectrum, and within different socio-economic contexts to test whether the relationship 
identified in this study is influenced by geographical, physical and social contexts. Second, 
participants in this study were healthy, young adults who have lived in the U.S. for no less than 
18 years. Future research should recruit participants within a wider range of age, health status, 
socio-economic, cultural background to investigate how dose percent tree cover influences 
self-reported stress recovery across various population groups. Third, self-reported stress is only 
one way to measure human stress response. It is important for future research to 
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comprehensively investigate the dose-response curve using other physiological measurements, 
such as cardiovascular responses, hormonal responses, muscle tension responses, and body 
temperature responses.  
In sum, this study is the first experimental to have described a comprehensive, detailed 
dose-response curve for the impacts of viewing videos with varying densities of tree cover on 
self-reported stress reduction. Although 6-minute videos of community street scenes elicited a 
small effect on stress recovery, the effect was systematic and significant. These results can help 
landscape planners and city managers argue for more investments in urban street trees. The 
findings reported here will be strengthened by future research that will gain a more 
comprehensive understanding of the dose-response curve for the density of urban trees on stress 
recovery. 
Three-dimensional videos 
This study, to my knowledge, is the first study using 3-D videos rather than 2-D videos or 
photographs as surrogates for real landscapes in environmental psychology research. Many 
previous studies have proven that 2-D photographs (e.g.,  Chang & Chen, 2005; Kuo, Bacaicoa, 
& Sullivan, 1998) and 2-D videos (e.g.,  Parsons, Tassinary, Ulrich et al., 1998; Ulrich, Simons, 
Losito et al., 1991) are reliable surrogates for real landscapes because they successfully evoke 
participants’ physiological and psychological healthy responses. Like 3-D videos, 2-D 
photographs and videos can also successfully control for environmental attributes being 
presented. They can modify the density of tree cover; the presence of paths, cars and pedestrians; 
the appearance, type, and set back of buildings; the visual quality of roads; and the general level 
of maintenance in a scene. Therefore, analyzing 2-D photographs and videos can easily identify 
the relationship between varying environmental features (e.g., tree density) and some outcome 
(e.g. self-reported stress). 3-D videos share the advantages of 2-D imagery while also providing a 
more immersive experience for the viewer. I used a 3-D video camera (Sony HDR-TD10) to 
record existing community street scenes and then used a 3-D personal viewer (Sony HMZ-T1) to 
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give participants an immersive experience within a laboratory room that was similar to watching 
a 3-D movie within a standard film theatre. The level of immersion that 3-D video allows may be 
attractive to other scholars who seek to understand the impact of some environmental feature on 
individuals. Our participants also found it enjoyable to use the 3-D goggles.  
Because 3-D video technology has not been widely used in the field of environmental 
psychology, more evidence is needed to further verify its validity. Before this study, there was 
one pioneering study that used 3-D technology to examine an individual’s response to a 3-D, 
simulated landscape setting, however, it is not a 3-D video of a real landscape setting 
(Valtchanov, Barton, & Ellard, 2010). Future studies might invite participants to be measured in 
an actual landscape setting, while other participants view a set of photographs, a 2-D video, and 
a 3-D video of the same setting. By comparing the responses to the different kinds of 
photography and to real landscapes, it would be possible to explore the extent to which a 3-D 
video is an appropriate surrogate of a real landscape setting and whether a 3-D video is more 
effective at evoking responses than a set of 2-D photographs or a 2-D video.  
Eye-level panoramic pictures 
As I contemplated creating the 3-D videos, we became aware of the challenge of accurately 
measuring the density of street trees in a fashion that represented how much tree canopy 
residents could see in everyday life. I addressed this challenge by creating panoramic pictures 
taken from the 3-D videos. I was inspired to do so by the work of Nordh and colleagues’ (2009; 
2012). My panoramic picture method measures tree density with a high degree of accuracy 
because I measured percent tree cover at the level of the smallest unit of a digital picture--a pixel. 
Different from traditional top-down measures of percent tree cover, eye-level percent tree cover 
is closer to people’s visual experience of tree cover in a living environment because it has a 
similar visual angle and visual scope. Thus, eye-level measures of tree density would be a more 
proximal predictor of people’s stress recovery experience than top-down percent tree cover.  
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In two of our related studies investigating the same sites, I found that measures of tree density 
created from eye-level panoramic photographs were significantly associated with participants’ 
subjective ratings of sites within varying densities of tree cover (e.g., at low, medium, and high 
levels). As described in Chapter 2 above, measures of tree density taken from aerial photographs 
are not significantly associated with the subjective rating of tree cover density on the streets. In 
addition, as I reported in Chapter 3 above, measures of tree density taken from panoramic 
photographs are a more sensitive predictor of landscape preference than measures taken from 
aerial photographs. Taken together, these three studies provide evidence that measuring tree 
density from eye-level panoramic photographs is a reliable way to measure people’s perception 
of landscapes in everyday life. However, because this is a new way of measuring tree cover 
density, future studies should replicate this method for various urban spaces and provide more 
evidence to support its validity.  
VAS as a measure of stress  
This study, to my knowledge, is the first study in the field of landscape architecture to use the 
visual analog scale (VAS) to measure participants’ stress responses to urban landscapes. In 
clinical studies, VAS has been widely used and is a reliable method for rating subjective 
responses such as pain, mood, and anxiety (Marsh-Richard, Hatzis, Mathias et al., 2009). It more 
accurately represents standard stimuli than verbal and numeric rating scales with restricted 
options (Lara-Munoz, de Leon, Feinstein et al., 2004). It is surprising that VAS has rarely been 
used to measure individuals’ responses to landscape scenes. Numerous studies in the field of 
landscape architecture instead use verbal or numeric rating scales, perhaps making them seem 
like safer choices than VAS.  
Theoretically, VAS would provide participants more freedom and sensitivity to report their 
subjective responses because it allows an individual to mark along any point on a scale with 
predetermined length and direction (Lara-Munoz, de Leon, Feinstein et al., 2004; Marsh-Richard, 
Hatzis, Mathias et al., 2009). Significant differences of reported stress status at different time 
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points and a wide range of reported stress levels make VAS a reliable and sensitive tool to 
measure stress responses to laboratory stressors and visual landscapes. Another advantage of 
VAS is that it takes very little time to complete, normally about 3 second for all three questions. 
There is good evidence showing that the VAS is easy to understand and requires little mental 
burden from participants.  
Implications for practice 
The findings here help reinforce the importance of incorporating trees in community streets. This 
study adds evidence in favor of using urban forestry to improve the health and wellbeing of 
neighborhood residents. This study depicts a clear linear dose-response curve on the impacts of 
varying levels of tree density on self-reported stress recovery. Landscape planners and city 
managers can refer to the findings of this study to develop a specific plan for allocating urban 
forest resources for community streets and other urban spaces. 
Moreover, these findings suggest that landscape architects and decision makers should consider 
using eye-level photography to calculate percent tree cover because it is associated with the 
effect of trees on stress recovery. Eye-level percent tree cover is a more accurate measure of how 
much tree canopy people can see in their communities than top-down percent tree cover.  
Along the same lines, an implication of this research concerns community design. To yield 
significant stress recovery effects for most residents, landscape planners and city managers 
should put canopy trees in the places people frequent the most for physical and social activities, 
such as streets, pathways, community gardens, and front yards. It is also important to consider 
how much tree canopy people can see through windows or as they sit on their patios. 
Conclusion 
I close by noting the importance of this study for helping people recover from mental stress by 
 98 
 
viewing nature in urban environments. The findings here suggest a community street scene with 
a higher density of street trees would elicit greater stress reduction than that of a similar scene 
with fewer trees. Although the effect size for the impact of tree density on recovery from stress is 
small, these findings are important considering that the nature video was only 6-minutes long. It 
is possible that neighborhood residents who live with specific levels of tree density over the 
months, years, and even decades will have much greater effect sizes. These possibilities need to 
be explored in future research. The findings here provide a comprehensive dose-response curve 
for the relationship between varying levels of street tree density on self-reported stress recovery 
that not only extends the body of knowledge but also provides some guidance for design 
practitioners and city planners. Given that chronic stress is an important predictor of a wide 
variety of negative health outcomes, the findings here suggest we can create healthier 
communities by providing a healthy urban forest.  
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CHAPTER 5: 
ESTABLISHING A DOSE-RESPONSE CURVE FOR THE 
IMPACT OF COMMUNITY FORESTS ON RECOVERY FROM 
ACUTE STRESS MEASURED IN SALIVARY CORTISOL AND 
SKIN CONDUCTANCE RESPONSES 
Abstract 
Although it is well established that exposure to urban forests can help reduce stress in individuals, 
the shape of the dose-response curve is entirely unclear. It is not known if a small amount of 
nature is enough to induce calming effects, whether or not increases in the tree cover density 
produce additional calming effects, or even if the relationship is linear. Lack of this knowledge 
prevents landscape architects from making science-based design and management decisions that 
might improve the health and longevity of people in the communities they serve.  
The specific research question of this study: what is the dose-response curve of the influence of 
viewing community street videos with a wide range of eye-level tree cover density as measured 
by percent tree cover on stress recovery as measured by salivary cortisol level and skin 
conductance level. This study recruited 160 healthy adult participants. Each participant first 
engaged in a standard Trier Social Stress Test (TSST) to induce psychological stress. Participants 
were then randomly assigned to watch one of ten, three-dimensional videos of street scenes that 
varied with respect to eye-level percent tree cover (ranging from 1.7% to 62.0%). Each video 
lasts 6 minutes. Three saliva samples were collected from each individual in order to measure 
salivary cortisol levels, which indicated the HPA axis activation at the end of the rest period, at 
the end of the TSST, and at the end of the video. The skin conductance level was continuously 
measured during the whole experiment, which indicated levels of the SA system activation.  
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What is the shape of the dose-response curve? Results show a clear disparity between women 
and men. For men, results of polynomial analysis indicate a significant quadratic relationship 
between calculated eye level percent tree cover and summary stress reduction indicated by a 
combination index of salivary cortisol and skin conductance responses (R
2
= .22, F(2, 68)=9.70, 
p< .001). As percent tree cover increased from 2.0% to 28.8%, the effect size of stress reduction 
increases as the percent tree cover increases. Additional increase in percent tree cover after 
28.8%, however, yields a decrease of the effect size of stress reduction. It is important to note 
that exposure to a 6-minute video with moderate tree cover (28.8%) can evoke about 3 times 
more stress recovery than a 6-minute video with low tree cover (1.7%). For women, the same 
polynomial analysis didn’t yield significant results, which suggest women’s stress reduction was 
not significantly associated with varying levels of percent tree cover. To explain these results, 
this article presents several possible reasons. However, gender difference of physiological stress 
response is a complex issue and more research is needed.  
For centuries, philosophers, poets, and artists have suggested that people can reduce the stress 
they feel by escaping to nature. Emerson, Whitman, and Thoreau all wrote about the sense of 
peace and tranquility that comes with being in nature. These results are the first empirical 
evidence that describe a dose-response curve for the impact of community forests on the levels 
of stress recovery. These findings should be of significant interest to practitioners, policymakers, 
and public health officials. 
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Introduction 
Background 
Mental stress caused by a variety of social and environmental factors has become a major threat 
to human health for the rapidly growing urban population (Kennedy & Adolphs, 2011). Chronic 
exposure to stressful events can lead to long-term physiological dysfunction that puts people at 
higher risk for these serious conditions (Taylor, 1999). Mental stress may lead to unhealthy 
habits and suppression of the immune system (Cohen, Miller, & Rabin, 2001), which may 
subsequently trigger cardiovascular diseases, stroke, depression, asthma, and other severe health 
problems (e.g.Aronsson, 1999; Bryant, Harvey, Guthrie et al., 2003; Childs & Wit, 2009; 
Dimsdale, 2008; Gump, MacKenzie, Bendinskas et al., 2011; Mitchell & Popham, 2008; Obrist, 
Lawler, Howard et al., 1974; Prince, Patel, Saxena et al., 2007; Roux, 2003; Steptoe & Brydon, 
2009). Fortunately, there is mounting evidence that exposure to urban forests enhances the 
resources that allow people to more effectively manage their stress. Multiple studies confirm that 
greener landscape settings elicit greater reduction of physiological symptoms of stress (e.g. 
Chang & Chen, 2005; Hartig, Mang, & Evans, 1991; Leather, Pyrgas, Beale et al., 1998; Parsons, 
Tassinary, Ulrich et al., 1998; Ulrich, Simons, Losito et al., 1991; van den Berg, Hartig, & Staats, 
2007; Wells & Evans, 2003).  
Although it is well established that exposure to urban forest has stress recovery effects, the shape 
of the dose-response curve is entirely unclear. Lack of this knowledge prevents health care 
providers and public health officials from recommending exposure to urban forests as part of 
preventive health care or clinical treatment programs for the 262 million Americans who live in 
urban areas. Not understanding the shape and implications of the dose-response curve also costs 
landscape architects and urban forest managers the opportunity to make science-based 
management decisions that might improve the health and longevity of people in the communities 
they serve.  
 102 
 
Demands and pressures of modern life cause stress 
Mental stress may be categorized as significant life event stress, daily stress, occupational stress, 
and environmental stress (Taylor, 1999). Stressful life events include cataclysmic events, such as 
traumatic car accidents, and more mundane but potentially negative events, such as a move to a 
city with no friends or relatives. Daily stress refers to minor stressful events in everyday life, 
such as tedious housework, pressure to pay bills on time, managing multiple activities, meeting 
deadlines, marital unhappiness, and the burden of caregiving. Occupational stress includes work 
overload, work pressure, responsibility for people, role conflict and ambiguity, challenging social 
relationships, perceived lack of work development, and lack of control over work (Taylor, 1999, 
pp. 194-199).Environmental stress refers to stress associated with attributes of a physical 
environment. In modern urban life, people can experience environmental stress when they are 
challenged by barren living environments, congested traffic, and the high level of environmental 
noise and air pollution. In such circumstances, the urban environment could be a contributor of 
chronic stress (van den Berg, Hartig, & Staats, 2007). Other environmental factors such as 
natural disasters, long-distance commute on private vehicles, and lack of green space for exercise 
and social interactions also result in acute or chronic stress and thus contribute to a range of 
prevalent health problems (Steptoe & Brydon, 2009).  
Physiological stress responses and long-term health effects of stress 
When a person is confronted with these different stresses, they are likely to respond through two 
physiological pathways: the sympathetic-adrenomedullary (SA) system and the 
hypothalamic-pituitary-adrenocortical (HPA) axis (Taylor, 1999, p. 173). As two distinctive 
indicators of physiological responses to stress, skin conductance level is associated with the SA 
system (Jacobs, Friedman, Parker et al., 1994; Ulrich, Simons, Losito et al., 1991), and salivary 
cortisol levels are mainly associated with the HPA axis (Kirschbaum & Hellhammer, 1989). 
When an event is appraised as negative or harmful, the cerebral cortex triggers responses through 
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the SA and HPA systems. Specifically, in the SA system, sympathetic arousal can cause the 
adrenal medulla glands to produce catecholamines, epinephrine, and norepinephrine, which 
result in increased blood pressure, heart rate, and sweating, and the constriction of peripheral 
blood vessels. In the HPA axis, the cerebral cortex sends the message of the stressor to the 
hypothalamus, which activates the corticotrophin-releasing factor (CRF), releasing 
corticosteroids from the adrenal cortex. Cortisol, a corticosteroid, helps conserve stores of 
carbohydrates and controls inflammation if the subject has an injury. Also, cortisol plays an 
important role in helping the body return to its normal state after the stress (Taylor, 1999, p. 173). 
Although those changes in the SA and HPA systems help humans cope with acute stress, the 
body’s natural process of dealing with stress becomes problematic when stress continues for long 
periods of time. Continual stress may lead to dysregulation of the SA system, the HPA axis, and 
the immunization system which can contribute to the development of various diseases (e.g., 
Bodis, Boncz, & Kriszbacher, 2010; Ockenfels, Porter, Smyth et al., 1995; Pickering, 2001; 
Tsigos & Chrousos, 2002) .  
In modern society, urban residents repeatedly and frequently experience daily, occupational, or 
environmental stress (Taylor, 1999, p. 170). Because of this continuous stress, humans don’t 
have enough resources to fully recover from those acute, moderate stressful events. The 
accumulation of stress can lead to chronic stress, which finally can result in a variety of health 
problems. When humans experience continuous stress and do not fully recover from this stress, 
they often release higher amounts of circulating catecholamines, which impacts tissues and the 
immune systems. Chronic stress could cause suppression of cellular immune functions,, 
ventricular arrhythmias, psychiatric disorders, depression, obesity, memory and concentration 
problems, adverse cardiovascular events, and even early death (Curtis & O'Keeffe, 2002; Lee, 
Park, Tsunetsugu et al., 2009; Taylor, 1999, pp. 173-175). It is therefore imperative to explore 
stress recovery, as this can help prevent chronic, continual stress and the health problems that 
accompany it.  
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Contact with nature and stress recovery 
The negative physiological responses to stress, fortunately, can be relieved or avoided when 
people are in contact with nature. According to Ulrich’s “psycho-evolutionary” framework, 
humans can make “immediate, and unconscious emotional responses” to nature (Ulrich, Simons, 
Losito et al., 1991, p. 207). These immediate and unconscious responses generate physiological 
changes that help people adapt to the environment or move quickly to avoid a threat. In addition, 
humans choose safe natural settings because they help them recover from stressful events and 
recharge both mental and physical energy, thus helping humans avoid chronic or continual stress. 
After millions of years’ evolution, the psycho-physiological positive responses to unthreatening 
natural settings are deeply rooted in human genes.  
Ulrich’s model of stress recovery through nature can be supported by examining 
psychoneuroendocrine mechanisms (Ward Thompson, Roe, Aspinall et al., 2012). And indeed, a 
great number of studies that have done so have found that contact with nature, even simply 
viewing natural landscapes, significantly enhances stress recovery (e.g., Largo-Wight, 2011; 
Laumann, Garling, & Stormark, 2003; Parsons, Tassinary, Ulrich et al., 1998; Ulrich, Simons, 
Losito et al., 1991; Velarde, Fry, & Tveit, 2007). 
Stress and salivary cortisol levels 
There is substantial evidence that a positive association exists between the intensity of the 
psychological stressor and changes of salivary cortisol levels (Dickerson & Kemeny, 2004; 
Maina, Bovenzi, Palmas et al., 2009; Maina, Palmas, Bovenzi et al., 2009; Pani, Al Askar, Al 
Mohrij et al., 2011). Two pilot studies found that greener environments or scenes elicited greater 
reduction in salivary cortisol levels (Lee, Park, Tsunetsugu et al., 2009; Ward Thompson, Roe, 
Aspinall et al., 2012). 
Cortisol response appears to differ between men and women and be influenced by other factors, 
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such as age and time of day. In general, men have stronger physiological responses than do 
women on stress, indicated by greater changes of cortisol levels (Bianchin & Angrilli, 2012; 
Carrillo, Moya-Albiol, Gonzalez-Bono et al., 2001; Dedovic, Wadiwalla, Engert et al., 2009; 
Seidel, Kogler, Moser et al., 2013). In addition, salivary cortisol levels may vary according to 
time of day (Kudielka, Schommer, Hellhammer et al., 2004), age (Nicolson, Storms, Ponds et al., 
1997), and health status (De Rooij & Roseboom, 2010). When exploring nature’s effect on stress 
recovery through salivary cortisol measures, gender and other confounding factors should be 
considered. 
Stress and skin conductance levels 
Skin conductance can also be used to measure responses to psychological stress or stress 
recovery treatment(e.g. Alvarsson, Wiens, & Nilsson, 2010; Bianchin & Angrilli, 2012; Cramer, 
2003; Jacobs, Friedman, Parker et al., 1994; Lin, Lin, Lin et al., 2011; Meehan, Razzaque, Insko 
et al., 2005; Ulrich, Simons, Losito et al., 1991). Skin conductance activity is directly related to 
the amount of active sweat glands and is controlled by the sympathetic branch autonomic 
nervous system(Jacobs, Friedman, Parker et al., 1994; Ulrich, Simons, Losito et al., 1991).Thus, 
it has been regarded as a stable indicator of autonomic arousal and may lead to cardiac events 
(Jacobs, Friedman, Parker et al., 1994). 
Gender difference in skin conductance responses to stress was rarely reported in either empirical 
or theoretical studies. In terms of responses to stressors, researchers found that a public speaking 
task evoked significantly greater levels of skin conductance for women, but there was no 
significant difference on frequency of skin conductance responses (Carrillo, Moya-Albiol, 
Gonzalez-Bono et al., 2001). In another study, researchers didn’t find gender difference on skin 
conductance responses as participants were exposed to the same set of emotional standard slides 
(Bianchin & Angrilli, 2012). No previous evidence has suggested that there are gender 
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differences in skin conductance responses as participants were exposed to nature treatments to 
gain a stress recovery.  
Knowledge Gap: dose-response curve on greenness and stress recovery 
Previous studies have consistently shown there is a positive link between exposure to sites or 
scenes with greater greenness and greater stress recovery. These studies, however, do not provide 
a clear picture of the shape of the dose-response curve for the relationship between a full range 
of greenness and stress recovery, and whether the curve is different for men and women.  
In many previous studies, individuals were exposed to rather coarse gradients of nature. Some 
studies compared participants’ responses to natural or urban landscapes (Hartig, Evans, Jamner et 
al., 2003; Laumann, Garling, & Stormark, 2003; Lee, Park, Tsunetsugu et al., 2009; Ulrich, 
Simons, Losito et al., 1991). These findings tell people that exposure to natural environments is 
generally more beneficial to human health than exposure to artificial environments. However, 
designers and managers can hardly know how much vegetation is necessary or optimal, making 
these findings lack direct impacts on design practice and management of urban forest. 
In many other studies, researchers indeed examined the effects of similar settings with different 
levels of greenness, but there are five substantial constraints: First, in some studies, the number 
of greenness levels is limited to 3 to 4 levels, making the results too rough to depict a detailed, 
comprehensive dose-response curve (e.g. Barton & Pretty, 2010; Beil & Hanes, 2013; Kuo & 
Sullivan, 2001a). Second, some studies only examine a narrow range of tree cover that is from 
almost zero to medium level (Kuo, 2001; Kuo & Sullivan, 2001a, 2001b). A few studies 
examined the relationship between health outcomes and aerial or top-down measures of tree 
cover from satellite imagery, but the scale of analysis is too large to detect individual trees for 
small scale sites, which makes their findings not feasible for small-scale sites, such as 
community streets or gardens (Hu, Liebens, & Rao, 2008; Maas, Spreeuwenberg, van 
Winsum-Westra et al., 2009). Compared to eye-level measures of percent tree cover, top-down 
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measures of tree cover may not accurately represent how people view and experience 
nature(Leslie, Sugiyama, Ierodiaconou et al., 2010). 
In sum, the knowledge gap is clear: not knowing the dose-response curve hinders landscape 
planners and policy makers from making informed design and management decisions to promote 
human health while efficiently allocating precious public resources.  
Research question  
The central research question is: what is the shape of the dose-response curve for the relationship 
between visible tree cover measured from panoramic photographs of community streets and 
healthy physiological responses of stress? It is unclear whether the dose-response is a straight 
line or a curvilinear line (Figure 26). I tested these possibilities with the experimental approach 
of a randomized, double-blind clinical trial using a between-participants design.  
 
Figure 26. A gap in our knowledge: To date, the dose-response curve on the relationship between tree cover density 
and stress recovery is totally unclear although previous studies have consistently suggested a general positive 
association between increase of tree cover density and effect of stress recovery 
 108 
 
Method 
Participants 
This study recruited 160 healthy adults. After removing two participants with missing cortisol 
information, 158 participants were included in the statistical analysis: 80 men, 78 women. Their 
age range was limited from 18 to 32 to reduce difference in cortisol levels caused by age 
difference (M =21.20, SD = 2.67). Participants included 75 Caucasians, 61 Asian Americans or 
Pacific Islanders, 8 African Americans, 7 Hispanics, 4 Middle Eastern or Persians, and 3 Native 
American or Alaska Natives.  
For each potential participant, I gathered demographic data, a brief health background, and a 
record of what they had eaten and drunk for the last 24 hours. Individuals were excluded who 
were not healthy and did not meet the requirements of the 24-hour period. Likewise, participants 
with cardiovascular diseases, stroke, or recent use of tobacco, alcohol, or drugs were not selected 
to participate.  
All experiments were conducted between 2:30 p.m. and 5:30 p.m. to control for diurnal 
variations of cortisol secretion (Dickerson & Kemeny, 2004; von Dawans, Kirschbaum, & 
Heinrichs, 2011). Participants were asked to abstain from food, caffeine, tobacco, alcohol, and 
exercise for 2 hours prior to the experiment. They were asked to abstain from medication 24 
hours before the experiment. If they didn’t meet these criteria, they were not allowed to 
participate.  
Trier Social Stress Test (TSST) as stressor 
This study used the Trier Social Stress Test (TSST) to induce moderate acute stress in a 
laboratory setting (Kirschbaum, Pirke, & Hellhammer, 1993). The TSST has been used widely as 
a standard for psychological stress induction under controlled conditions (Childs, Vicini, & De 
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Wit, 2006; Izawa, Sugaya, Shirotsuki et al., 2008; Kudielka, Schmidt-Reinwald, Hellhammer et 
al., 2000; Kudielka, Buske-Kirschbaum, Hellhammer et al., 2004; Kudielka, Schommer, 
Hellhammer et al., 2004; Kudielka & Wust, 2010; MacMillan, Georgiades, Duku et al., 2009; 
von Dawans, Kirschbaum, & Heinrichs, 2011). The TSST protocol normally includes two tasks. 
The first is a public speaking task. The second involves solving a series of arithmetic problems. 
Both tasks are performed with time constraints under social pressure caused by face-to-face 
interviewers and video camera. A recent meta-analysis of 208 studies demonstrates that the 
public speaking and arithmetic combination used in the TSST produced more reliable levels of 
stress (as indicated by changes in cortisol levels) than other types of stressors, such as noise 
exposure, emotion induction, cognitive tasks only, or public speaking only (Dickerson & 
Kemeny, 2004). In addition, TSST can successfully elicit stress indicated by significant change 
in skin conductance response (Merz, Wolf, Schweckendiek et al., 2013, Article in Press), heart 
rate (Kudielka, Buske-Kirschbaum, Hellhammer et al., 2004), and adrenocrticotropic hormone 
(ATCH) level.  
In this study, participants took the TSST individually and went through three experimental 
phases: a 3-minute phase of preparation and anticipation, a 5-minute public-speaking task (mock 
job interview speech), and a 5-minute arithmetic task (serial subtraction). Two interviewers (1 
woman and 1 man) wore white laboratory coats. They were trained to withhold verbal and 
non-verbal responses to participants’ performance. Before the experiment began, interviewers 
told participants that performance on TSST tasks would be recorded by a video camera for 
further evaluation after the experiment, but the camera would be turned off for the rest time and 
during the time when the participants watched a video of street scenes. The participant did not 
know to which video they had been assigned. Moreover, the two interviewers did not know 
which video was assigned to the participant during the experiment. The double-blind experiment 
eliminated threats to internal validity that might have arisen from the unconscious behavior of 
the investigators or the desire to please the investigators on the part of the participants. 
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Community street videos as nature treatments 
Scenes from residential neighborhoods with varying levels of tree cover (approximately from 0% 
to 70%) were captured with high-definition, three-dimensional (3-D) video equipment and 
presented to participants on a high-resolution, 3-D personal viewer as nature treatment to gain 
stress recovery. Each video lasted 6 minutes. 
Scenes for the videos were captured from 50 single-family neighborhood sites in four 
Midwestern cities: Champaign-Urbana, St. Louis, Indianapolis, and Springfield, Illinois. 
Limiting the confounding physical characteristics of sites was a major concern when selecting 
the 50 neighborhood sites. Thus, this study employed several steps to help limit the physical 
characteristics that differed among sites, besides the density of the trees. First, I used medium 
annual income per household at the block group level (data from Google Earth Pro) as a 
controlling socioeconomic factor. I chose sites from block groups with a medium household 
annual income between $50,000 and $75,000, which is considered middle-class household 
income in the Midwestern United States. Second, another investigator and I visited over 255 
candidate sites and chose sites with similar key physical characteristics including quality of the 
housing stock, quality of road surface, quality of sidewalks, upkeep, and general maintenance of 
the neighborhood, as visible from the street. Sites without sidewalks or street curbs were rejected. 
Third, I invited 30 graduate students majoring in landscape architecture to assess the physical 
characteristics of possible sites by viewing panoramic photos of each site and evaluating physical 
characteristics again on a 5-point scale. Based on the results of these three steps, I removed sites 
with dramatically varying physical characteristics from the sample pool, leaving 50 sites for this 
study.  
I took videos of the 50 sites using a 3-D video camera (Sony HDR-TD10). The camera was 
mounted on a tripod and positioned at the edge of the street next to a driveway. I selected a 
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filming location that offered a close-range viewshed. Filming locations did not have a tree or 
similar structure within a distance of 10 meters of the front of camera.  
Then I created the video by smoothly panning through about 150 degrees, always in a clockwise 
motion, over a period of 25 to 30 seconds. Each shot was repeated five times, and the smoothest 
shot with the least variation in sunlight (i.e., no significant change from sunny to cloudy or from 
cloudy to sunny) was selected for use in the study. All videos were taken on sunny days without 
strong winds in middle to late summer (July 1 to September 10). Videos were shot between 10 
a.m. and 3:30 p.m. to mitigate inconsistencies of shadows and sun angles (Ulrich, Simons, Losito 
et al., 1991).  
Using 3-D-video editing software (Sony PMB), I created a video clip for each site, which lasted 
30 seconds. In an effort to keep distractions at a minimum and limit confounding physical 
characteristics, the videos did not contain people or moving cars. In addition, videos did not 
contain notable landscapes or objects (e.g., cars with striking colors or styles, custom-designed 
mail boxes, animals, or buildings with unusual decorative details).  
In order to measure the density of tree cover along the streets in each video, I created a 
panoramic still photograph of each street scene. To produce a panoramic photo for each sample 
site, I selected three frames (one at the beginning, medium, and end) of each 3-D video and then 
combined them into a panoramic scene using the Photo-Merge command in Photoshop CS5. 
To quantify percent tree cover for each panoramic photo, I used Photoshop CS5 to measure the 
number of pixels in each photo. A digital photo is a two-dimensional grid of pixels, the smallest 
unit of a graphic that can be presented and controlled. I first selected areas of tree canopy and 
trunk in a panoramic photo and observed the number of pixels in those areas measured by 
Photoshop. I also observed the number of pixels contained in the entire photo.  
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I used 3-D video-editing software to combine clips from five different sites with similar tree 
cover into ten different videos. By using the following equation shown in Table 18, I calculated 
eye-level percent tree cover for the ten videos as listed in Table 19.  
Table 18. Equations of percent tree cover measured from panoramic photography 
Percent tree cover = Number of pixels occupied by tree canopy areas and tree trunks / number of pixels of the whole 
panoramic photo × 100% 
Table 19. Range and mean of percent tree cover of ten street scene videos 
Video 1st 2nd 3rd 4th 5th 
Range  0-2.5 2.6-5.0 5.1-7.5 7.6-10.0 10.1-20.0 
M 1.7 3.8 6.1 8.9 14.9 
SD 1.2 .1 .9 .9 3.7 
Video 6th 7th 8th 9th 10th 
Range  20.1-30.0 30.1-40.0 40.1-50.0 50.1-60.0 60.1-70.0 
M 24.0 35.7 44.4 54.1 62.0 
SD 3.6 1.9 3.6 2.4 .7 
Note: Each video contains 5 videos clips for 5 community streets. 
 
Using tree cover density as the indicator of greenness 
It is possible that the amount of green landscape other than tree cover—such as lawns, shrubs, 
and flowers—is significantly different among the sampled panoramic photographs. If that were 
the case, these other green elements might impact people’s stress response and alter the 
relationship we seek to measure between tree density and stress recovery. Therefore, it may not 
be reasonable to use tree cover density to predict stress recovery. To examine this problem, I run 
one-way analysis of variance (ANOVA) and found there was not a significant difference of 
percent other green landscapes among ten videos at the p< .05 level for 50 video clips, F (9, 40)= 
1.54, p= .17. In addition, Levene’s test confirms a significant homogeneity of percent other 
landscapes among ten videos, LS=1.71, df1= 9, df2= 40, p= .12. These findings demonstrate that 
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percent of other landscapes don’t significantly vary among videos to have a statistically robust 
impact on greenness. Therefore, it is reasonable to use tree cover density as the sole indicator of 
greenness in this study.  
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Table 20. Range and mean of percent other green landscapes of ten street scene videos (%) 
Ten videos 1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th 
M 17.0 16.4 19.1 14.1 17.5 15.6 15.8 16.7 17.4 14.2 
SD 3.6 2.0 3.0 2.2 2.0 2.7 2.0 3.9 1.3 3.4 
Note: Each video contains 5 videos clips for 5 community streets. 
 
 
 
Figure 27. Streetscapes presented in 3-D videos with low (top), moderate (middle), and high (bottom) tree 
cover density within single-house communities 
 115 
 
Procedure and measures of stress responses 
The procedure and timing of measuring stress responses are summarized as Figure 28. When a 
participant entered the lab, she/he (I refer to the participant as a women to make our description 
clear) was invited to sit in a comfortable chair in a waiting room. A receptionist introduced the 
procedures for the study and familiarized her with the apparatus and recording equipment. Then 
the receptionist escorted the participant to the lab room where two interviewers provided a short 
introduction to the sensors that would be used in the experiment. The receptionist then escorted 
the participant back to the waiting room where they rested for 3 minutes.  
 
Figure 28. Sequence of the experiment and timing for measurement of salivary cortisol and skin conductance 
responses 
After the 3-minute rest, the receptionist asked the participant to sign the consent letter and fill out 
a health background questionnaire. The receptionist went over the exclusion criteria at this time. 
If a person did not meet all the criteria, she was told that she was not eligible to participate in the 
study. If she met all the inclusion criteria, the receptionist reminded her that her participation was 
voluntary and that she may end her involvement at any time without any negative consequences. 
13’ 
stressor 
(TSST)  
6’ nature 
treatment 
(NT) 
Begin continuous 
measurement skin 
conductance response 
End measurement of 
skin conductance 
response 
3’ rest in 
the 
experiment 
room 
3’ rest in 
the 
experiment 
room 
The 2nd saliva 
sample (30’ post the 
onset of the TSST) 
The 3rd saliva 
sample (30’ post 
the onset of the 
NT) 
The 1st saliva sample 
(immediately before the rest 
period in the experiment room) 
3’rest & 7’ 
introduction  
30’ rest in 
the 
reception 
room 
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After she indicated she understood the procedures, the receptionist asked her to sign the consent 
form. This preprocess phase took approximately 7 minutes. Then, the receptionist brought the 
participant to another room for the experiment and asked her to sit in a comfortable armchair. 
Two investigators attached biofeedback sensors to the participant’s fingers and wrists.  
At the beginning of the experimental phase, the receptionist asked the participant to rest for 5 
minutes so that I could measure physiological activity before any stimuli was presented. The 
participant then took a Trier Social Stress Test (TSST) to induce a moderate level of 
psychological stress. After the TSST, participants received the nature treatment (NT), which 
required each participant to watch one 6-minute video of neighborhood landscapes through a 
personal 3-D movie viewer (Sony HMZ-T1). After the NT, the participant sat in the chair to rest 
for 3 minutes before leaving the experiment room. 
To measure participants’ salivary cortisol level, each participant provided three saliva samples. 
In order to collect salivary cortisol, I asked each participant to chew on a small synthetic swab 
(Salimetric Oral Swab) until it was saturated with saliva, after approximately 90 seconds. A 
review of 208 laboratory studies suggest the mean effect size for salivary cortisol responses to 
stress is greatest 21 to 30 minutes after the onset of the stressor (p < .001) (Dickerson & Kemeny, 
2004). Therefore, this experiment collected cortisol samples at immediately before the first rest 
period, 30 minutes post the onset of the stressor, and 30 minutes post the onset of nature 
treatment. The Figure 3 shows the timing of the three sample collections. The cortisol samples 
were analyzed by experts in a national certified laboratory (the Salivette Laboratory in U.S.). 
We also continuously measured skin conductance response of each participant during the entire 
experiment using a ProComp5 Infiniti biofeedback system from Thought Technology Ltd .The 
ProComp5 Infiniti is a 5-channel diagnostic tool that sends information gathered from sensors 
attached to the participant via fiber-optic cable directly to a computer. A skin conductance sensor 
(Thought Technology: SA9309M) was connected to two fingers of the participant. The skin 
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conductance activation detected by the sensor was immediately transferred and saved by the 
ProComp5 system.  
After each participant completed all the tasks, the receptionist asked whether the participant had 
any questions about the procedure, tried to answer their questions, and then gave participants the 
$20 payment after a receipt was signed.  
Calculating change in stress level 
The standardized mean-change statistic, d, was used to estimate the effect size of the change in 
stress status. Dickson and Kemery (2004) stated that the d value has been widely used as an 
index for repeated measures effect size estimates. An effect size of .20 is small, .50 is moderate, 
and .80 or greater is large. 
d= (Mpost_stressor –Mpre_stressor)/S.D.pre_stressor 
d=- (Mpost_treatment –Mpre_treatment)/S.D.pre_treatment 
Results 
Results are presented in three parts. I begin by presenting information on participants’ stress 
level at three points of time during the experiment (see Table 21); Then I present to what extent 
the Trier Social Stress Test (TSST) induced acute stress. I then present preliminary analyses 
suggesting that the relationship between tree cover and stress recovery should be investigated 
separately by gender. Next, I examine the relationship between tree cover and stress recovery for 
women and men. Finally, I check the fitness of three types of polynomial regression 
(dose-response curves) for the data.  
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Table 21. Information on salivary cortisol level (ug/dL) and skin conductance level (percent of value) at three points 
of time: baseline time (T1), stressed time (T2) after participants were exposed to the laboratory stressful event 
(TSST), and recovered time (T3) after the nature treatment (watching a 3D video of community streets) 
  All participants (n=142)  Women (n=71)  Men (n=71) 
  Salivary 
cortisol 
level 
Skin 
conductance 
level 
 Salivary 
cortisol 
level 
Skin 
conductance 
level 
 Salivary 
cortisol 
level 
Skin 
conductance 
level 
Baseline 
time (T1) 
M  .18 49.49   .17 37.26   .20 61.71 
SD  .12 44.80   .09 27.01   .14 54.86 
          
Stressed 
time (T2) 
M   .25 111.24   .20 95.02   .30 127.46 
SD  .17 75.28   .14 56.37   .17 87.77 
 
          
Recovered 
time (T3) 
M .20 99.47  .17 79.52  .24 119.42 
SD .13 76.15  .12 58.24  .14 86.51 
Did the stressor create measureable changes in stress?  
To what extent did giving the speech and doing the subtraction activity out loud (the TSST) 
produce a stress response in our participants? To address this question, I conducted paired t-tests 
on cortisol levels sampled before and after the TSST, and mean values of skin conductance levels 
during the rest time before the TSST and immediately following the TSST time.  
As the results in Table 22 demonstrate, mean salivary cortisol levels increased more than 35% 
from the base line to immediately after the TSST. The effect size (d) for this change in cortisol 
level is .54, t (142)= -4.27, p< .0001, which is in line with previous studies showing that TSST is 
an effective stressor (Dickerson & Kemeny, 2004). Mean skin conductance levels changed more 
dramatically. There was a 122% increase in skin conductance levels [ d = 1.4, t (142) = -15.44, 
p< .0001] from the base line to the time immediately following the TSST. Clearly, the TSST 
produced a stressful experience for the average participant. 
I also examined TSST’s effect by gender. The effect sizes for salivary cortisol level and skin 
conductance level remain significant. These results demonstrate that TSST is an effective stressor 
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not only for all participants as a whole but also for each gender. Specifically, women experienced 
a greater change in skin conductance and a smaller change in salivary cortisol level, which 
suggests that women experienced a greater autonomic arousal while men experienced a greater 
HPA axis arousal.  
Table 22. Comparison of means in salivary cortisol level (ug/dL) and skin conductance level (percent of value) 
before and after participants were exposed to the same laboratory stressful event (TSST) 
  All participants (n=142)  Women (n=71)  Men (n=71) 
  Salivary 
cortisol 
level 
Skin 
conductance 
level 
 Salivary 
cortisol 
level 
Skin 
conductance 
level 
 Salivary 
cortisol 
level 
Skin 
conductance 
level 
Change of 
stress level 
after the 
stressful event  
(T1-T2) 
t -4.27 -15.44  - .20 -12.07  -3.80 -1 .26 
p < .0001 < .0001  < .05 < .0001  < .001 < .0001 
d  .54 1.38   .41 2.14   .64 1.20 
Should women and men be analyzed separately? 
Previous studies have reported gender differences in the effects of nearby green outdoor 
environment on perceived stress (Lottrup, Grahn, & Stigsdotter, 2013) and cognitive functioning 
(Taylor, Kuo, & Sullivan, 2002). To check whether the effects of viewing street scenes with 
varying levels of tree canopy coverage would best be examined separately for women and men, I 
conducted a preliminary analysis.  
I used independent t-tests to examine gender difference in stress recovery indicated by change of 
salivary cortisol and skin conductance. As the first row in Table 23 shows, there is a significant 
gender difference in salivary cortisol level reduction between women and men (t=-2.91, p< .01). 
As the second row shows, there is also a marginally significant gender difference in skin 
conductance level reduction (t=1.83, p= .07). These results suggest that it would be reasonable to 
analyze the dose response for each gender.  
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Table 23. Gender difference in salivary cortisol level and skin conductance level reduction after participants were 
exposed to the same set of nature treatment (10 videos of community street scenes) 
Reduction M  SD    
 Women Men  Women Men   t p 
Salivary Cortisol   .03 .06   .06  .06   -2.91 < .01 
Skin Conductance  17.01 9.78  23.18 24.00   1.83  .07 
 
Using a scatterplot smoother to explore the shape of dose-response curve 
The purpose of this study is to identify the dose-response curve for varying densities of tree 
cover on a person’s recovery from a stressful event. To identify the dose-response curve, using a 
scatterplot smoother may be the most straightforward method. Therefore, I fit each scatterplot 
with a LOESS curve to examine possible dose-response trends.  
The LOESS curves (see Figure 29) show distinctively different trends for men and women. The 
scatterplots for the three indices of stress reduction show similar inverse-U shape LOESS curve 
for men which might be better explained by polynomial curves rather than a straight line. In 
contrast, the scatterplots show irregularly shaped LOESS curves for women. 
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Figure 29. Using scatterplots and LOESS curves to explore relationship between percent tree cover (%) 
measured from panoramic photographs and three index of stress reduction: Salivary cortisol level 
reduction (top), skin conductance level reduction (middle), and combined stress reduction (bottom) 
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Shape of the dose response curve for men 
In assessing the dose-response curve for men, perhaps the most straightforward association 
between percent tree cover and stress is a linear relationship in which more tree cover indicates 
greater stress reduction. To test this possibility, I conducted a simple linear regression with 
percent tree cover as the independent variable and the three measures of stress as the dependent 
variables (see Table 24). Results from this ordinary least squares regression indicate that any 
relationship that might exist between the density of the tree canopy and stress recovery is not 
linear. This result corresponds to previous observation on the scatterplots and LOESS curves.  
The shape of LOESS curves implies it is possible that relationship can be explained by a 
curvilinear regression model. The most straightforward test of this possibility is to conduct a 
quadratic regression with the same variables as before (see Table 24). Results from this 
regression indicate that a relatively flattened, inverse-U, describes the dose-response curve. As 
the percent tree cover increases from the most barren condition to greener scenes, there is a rapid 
increase in stress recovery until the density of the trees reaches about 35%. After this point, 
increases in the density of tree cover predict a decrease in stress recovery. In the quadratic 
equation, percent tree cover explains between 9 and 22% of the variance in stress recovery.  
I wondered whether a more complex curve, one that is more similar to an “S” than a “U,” might 
better describe the dose-response curve. To test this possibility, I conducted a cubic regression 
with the same variables as before (see Table 24). Results from these regressions indicate that an 
S-shaped curve does fit the data. In the cubic equation, percent tree cover explains between 13 
and 23% of the in stress recovery.  
These results raise the question, which curve fits the data best? To identify whether the quadratic 
or cubic models are more appropriate, I calculated Bayesian Information Criterion (BIC) for each 
model. BIC is a widely used tool for selecting among various models the one with the best fit 
(Schwarz, 1978). The more parameters one adds to a regression model the more one risks 
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over-fitting the model to the data. BIC addresses this problem by invoking a penalty for the 
number of parameters adopted by the model. For data with small or moderate sample sizes, BIC 
is superior to other popular model selection criteria (Neath & Cavanaugh, 2012). The simplest 
model is favored when the difference between BICs is less than 2 (Neath & Cavanaugh, 2012).  
As Table 24 shows, each quadratic model has a smaller BIC than the counterpart cubic model. In 
addition, each quadratic model contains one less parameter than a cubic model. Thus, I conclude 
that, compared to the cubic models (i.e., the S-shaped models), the inverted U-shaped quadratic 
models are more appropriate to explain the dose-response relationship for the impact of tree 
cover on stress recovery for men.  
Table 24. Linear, quadratic, and cubic model analysis using percent tree cover as independent variables to predict 
salivary cortisol level reduction, skin conductance level reduction, and combined stress reduction for men 
 
Salivary cortisol level 
reduction 
 
Skin conductance level 
reduction 
 Combined stress reduction 
 Linear Quadratic Cubic  Linear Quadratic Cubic  Linear Quadratic Cubic 
Adjusted 
R2 
- .01  .06  .09   .03  .11  .12  - .01  .20  .19 
F   .41 3.34* 3.23*  2.95 5.28** 4.09**   .41 9.70*** 6.53*** 
BIC  -128.51 -127.09   -160.46 -158.33   -217.26 -213.00 
*p< .05, **p< .01, ***p< .001 
Note: For men (n=71), linear regression analysis yielded insignificant results. However, both quadratic and cubic 
models can explain the relationship between percent of tree cover and stress reduction indicated by three indices. 
Comparisons of BIC values indicate quadratic models are superior to the cubic models for three indices.  
Controlling of individual characteristics 
Although the study randomly assigned each participant to one of ten nature treatments, it is 
possible that participants’ individual characteristics, including age, baseline salivary cortisol 
levels, and baseline skin conductance levels, would influence results (Cramer, 2003). To examine 
whether the quadratic relationship between percent tree cover and stress reduction still held when 
age, baseline salivary cortisol levels, and baseline skin conductance levels, were controlled, I 
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examined correlations among these three individual characteristics with stress reduction 
indicated by the three indices. I found no significant correlations, which indicates individual 
characteristics do not impact the association between percent tree cover and stress reduction. 
Thus, the quadratic models identified above best explain the relationship between percent tree 
cover and men’s physiological stress reduction. In the following paragraphs, I will present 
dose-response curves and equations for men for two indices of stress reduction and their 
summary index.  
First, for salivary cortisol level reduction, as Table 5 and Figure 30 show, the dose-response 
relationship can be best explained by a quadratic equation: Y=- .00035X
2
+ .023X+ .187 (R
2
= .09, 
p< .05), where Y is the effect size of salivary cortisol levels reduction and X is the percent tree 
cover. The maximum Y value (Y= .56) occurs as X is 32.9%.It is important to note that the 
maximum Y value as X is 32.9% is 2.95 times the Y value (Y= .19) as X is 1.7%.  
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For skin conductance reduction, as Table 5 and Figure 31 show, the dose-response relationship 
can be best explained by a quadratic equation: Y=- .00030X
2
+ .015X+ .071(R
2
= .13, p< .01), 
where Y is the effect size of skin conductance reduction levels and X is the percent tree cover. 
The maximum Y value (.26) occurs as X is 25.0%, which is 3.71 times the Y value (.07) as X is 
1.7%.  
 
Figure 30. Linear, quadratic, and cubic dose-response curve explaining effect of percent tree cover (%) on 
salivary cortisol levels conductance (effect size) for men. The quadratic curve has the lowest BIC value, which 
suggests it might be the most appropriate model 
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Figure 31. Linear, quadratic, and cubic dose-response curves explaining effect of percent tree cover 
(%) on skin conductance levels (effect size) for men. The quadratic curve has the lowest BIC value, 
which suggests it might be the most appropriate model 
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For combined stress level reduction, as Table 5 and Figure 32 show, the dose-response 
relationship can be best explained by a quadratic equation: Y=- .00033X
2
+ .019X+ .129 (R
2
= .22, 
p< .001), where Y is the effect size of combined stress levels reduction and X is the percent tree 
cover. The maximum Y value (.40) occurs as X is 28.8%, which is 3.08 times the Y value (.13) as 
X is 1.7%.  
 
  
 
Figure 32. Linear, quadratic, and cubic dose-response curves explaining effect of percent tree cover on 
combined stress levels conductance (effect size) for men. The quadratic curve has the lowest BIC value, 
which suggests it might be the most appropriate model 
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Shape of the dose response curve for women 
Following the same analysis processconductedfor men, I tried linear, quadratic, and cubic 
models to fit a dose-reponse curve for women. However, all three models were not statistically 
significant, which suggests women’s stress reduction was not significantly associated with 
varying levels of percent tree cover (see Table 25).  
Table 25. Linear, quadratic, and cubic model analysis using percent tree cover as the independent variable to predict 
salivary cortisol level reduction, skin conductance level reduction, and combined stress reduction for women 
Salivary cortisol level 
reduction 
Skin conductance level 
reduction 
Combined stress reduction 
Linear Quadratic Cubic Linear Quadratic Cubic Linear Quadratic Cubic 
Adjusted 
R2 
- .01 - .02 - .03 .00 - .01 - .01 - .01 - .02 - .02 
F .12 .25 .25 1.26 .62 .79 .23 .24 .53 
Note: For women (n=71), all three models for each measure yielded insignificant results (p > .1). 
Discussion 
The purpose of this study was to identify the shape of the dose-response curve for the impact of 
percent tree cover on stress recovery measured by salivary cortisol and skin conductance. There 
are two central findings. First, there was a significant gender difference in physiological stress 
responses measured by salivary cortisol and skin conductance levels: men had changes in 
physiological stress that were significantly associated with varying densities of tree cover but 
women did not. Second, for men, the shape of the dose-response curve was best described as an 
inverse u-shaped quadratic curve in which moderate tree cover elicited greater stress recovery 
than either low or high levels of tree cover. For males, that a 6-minute exposure to a video with 
moderate percent tree cover can evoke about 3 times the stress recovery than a 6-minute 
exposure to a video with no trees.  
These findings contribute to our understanding of the relationship between the density of tree 
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cover and human health and suggest opportunities for interventions and future research.  
Contributions and future research 
Findings of gender differences 
Findings indicate men’s physiological stress responses were significantly associated with the 
density of tree cover in the videos they viewed. But there is no such relationship for women. 
What might account for these gender differences?  
One possibility may seem plausible at first, but becomes less feasible on further inspection– that 
exposure to varying levels of tree cover reduces stress for men but not for women. There are two 
reasons to discount this possibility. First, there is no a priori theoretical reason to expect these 
effects are limited to men. All the major theories regarding the impacts of exposure to nature on 
humans suggest that contact with community green spaces should impact healthy functioning 
individuals; these theories make no distinction between men and women. Second, the empirical 
work on the benefits of exposure to varying levels of community green space with girls and 
women has demonstrated impacts in the past. For instance, in one study, girls’ views of 
near-home trees were systematically and positively related to a variety of forms of self-discipline 
(Taylor, Kuo, & Sullivan, 2002). In another study, women who had greater exposure to trees and 
grass near their homes were significantly less likely to have engaged in aggressive and violent 
behavior during the past year than their counterparts who lived in more barren conditions(Kuo & 
Sullivan, 2001b). In a recent study, researchers found that greater density of tree cover around 
homes (within 50m buffer) was associated with lower rate of small for gestational age in 
Portland (Donovan, Michael, Butry et al., 2011). In a pilot study, participants visited landscape 
settings with varying levels of greenness and found generally that environmental differences had 
a stronger impact on women than men (Beil & Hanes, 2013). Thus, in a variety of previous 
empirical studies, girls and women have been shown to respond to variations in tree cover.  
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Another possible explanation seems more promising: Women’s physiological reactions to stress 
are measurably different than men’s reactions. Theoretical and empirical evidence show that men 
and women have different cortisol responses to stress because of their biological and social 
differences. These differences may influence their responses to varying densities of tree cover. 
For instance, compared to men, women’s cortisol responses can be more buffered by higher 
levels of oxytocin and lower levels of vasopressin (Aguilera, 1998; Neumann, 2007) and sexual 
steroids (Dedovic, Wadiwalla, Engert et al., 2009). Women also have a milder cortisol response 
to stress while they are in the follicular phase of a menstrual cycle or when they are taking oral 
contraceptives (Foley & Kirschbaum, 2010). Social difference may also partly explain the 
difference on cortisol response to stress between men and women. Men tend to have a stronger 
HPA response and subsequently greater changes in salivary cortisol level in response to 
achievement or performance-oriented stressors than do women; In contrast, women tend to have 
a stronger response to social rejection-oriented stressors than do men (Dedovic, Wadiwalla, 
Engert et al., 2009). That may be because men’s’ self-esteem is more likely to be established 
through achievement of gender-ascribed goals and a degree of independence while women’s 
self-esteem is more likely to be established through social connections with others (Dedovic, 
Wadiwalla, Engert et al., 2009; Stroud, Salovey, & Epel, 2002). In general, the TSST used in this 
study is more relevant to the performance-oriented stressor because we told participants that we 
would assess their performance of their job interview speech and the subtraction task. This may 
explain why men had greater cortisol responses than women– a result that is in keeping with 
another recent study (Foley & Kirschbaum, 2010).  
However, for skin conductance responses to stress, we did not find theoretical reasons to explain 
the gender difference. In addition, empirical evidence related to gender difference on skin 
conductance response is discrepant: Women had greater skin conductance response than men 
after public speaking tasks (Carrillo, Moya-Albiol, Gonzalez-Bono et al., 2001). However, men 
had a greater skin conductance level response than women after mental arithmetic tasks (Back, 
Brady, Jackson et al., 2005). For responses to nature treatment, only a handful of studies used 
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skin conductance levels to measure stress recovery effects, but none of them have reported the 
difference between genders (Alvarsson, Wiens, & Nilsson, 2010; de Kort, Meijnders, Sponselee 
et al., 2006; Ulrich, Simons, Losito et al., 1991).  
In sum, although the current study has identified gender difference in salivary cortisol and skin 
conductance responses to the TSST and the nature treatment, the reason for those differences is 
not totally clear. This is partly because the current study is the first to measure physiological 
responses to 3-D videos of community streets with a wide range in density of tree cover. Thus, 
our findings need be verified by replicating similar studies. It is important to note that although 
we didn’t find a significant association between percent tree cover and stress reduction for 
women, it doesn’t mean they are not correlated. It may be that, compared to men, women need a 
longer exposure to nature to gain a measurable stress reduction in physiological responses. It is 
also possible that, compared to men, women ruminated longer on the stress they experienced 
from the TSST as they were watching the videos, which thus led to a weaker impact of the nature 
treatment on stress recovery. In order to examine these issues, future research should present 
nature videos that are longer than six minutes. Future research should also use stressors that 
balance achievement-oriented tasks and social-rejection tasks.  
Dose-response curve on impacts of nature treatments on stress recovery 
The second important contribution of this work is to demonstrate a dose-response curve for the 
impact of a wide range of densities in tree cover — from 1.7 to 62.0 percent — on physiological 
measures of stress for men. This curve is an inverse-U shape with the maximum impact on stress 
recovery coming between 24.0 and 34.0 percent.  
An important reason why street scenes with moderate percent tree cover gained a greater effect 
on stress recovery than scenes with high percent tree cover may make people feel unsafe 
(Jansson, Fors, Lindgren et al., 2013). Dense vegetation and an obstructed view would make 
people lose visual focus, feel confused, and have difficulty estimating what will happen at a 
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farther distance (Kaplan, Kaplan, & Ryan, 1998). However, two previous studies pointed out that 
high density of trees without low undergrowth would not provide refuge for criminals if tree 
canopy is high enough to sustain open eye-level views (Kuo, Bacaicoa, & Sullivan, 1998; Kuo & 
Sullivan, 2001a). Unfortunately, these studies only included sites with low and moderate levels 
of tree cover. Thus, these studies may lack the power to explain impacts of dense tree cover on 
people’s stress status.  
Another reason why street scenes with a moderate percent tree cover gained the greatest effect on 
stress recovery may be preference for scenes that balance enclosure and openness, shade and sun, 
which is what moderate tree cover provides. Many studies have emphasized the positive impacts 
of greater greenness on human health; however, openness is also an important criterion in 
landscape planning. A recent study suggeststhat humans may prefer openness as well as 
greenness:places with moderate tree cover would be more preferred for recreational activity than 
landscapes with dense tree cover (Bjerke, Ostdahl, Thrane et al., 2006).  
The findings here raise several pressing issues that should be addressed in future research: We 
need a better understanding of the relationship between eye-level and top-down tree cover 
measurements. For landscape architects, planners, and urban forest managers, top-down 
measurements are more convenient, but eye-level measurements may better indicate how people 
experience their environment (Leslie, Sugiyama, Ierodiaconou et al., 2010). Replication of this 
study for other types of urban spaces is also necessary, especially spaces such as schools, 
campuses, work places, and urban streets, where people spend the majority of their days. 
Because participants’ physiological stress responses are influenced by their health status, age, 
and social-economic status, researchers should also recruit individuals with a wider range of 
demographic characteristics (Bianchin & Angrilli, 2012; Dickerson & Kemeny, 2004; Ward 
Thompson, Roe, Aspinall et al., 2012). 
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Three-dimensional video as a surrogate for real landscapes 
The third contribution of this study concerns the use of immersive three-dimensional video as a 
surrogate for real landscapes. To my knowledge, this study is the first to use 3-D videos of 
existing landscapes as stimulus in measuring reactions to the built environment. Like 2-D video 
and photography, 3-D video can control the environments to which individuals are exposed, 
which is very hard to do if participants are exposed to real sites. In real settings, variations in the 
presence of people, pets, traffic, noise, temperature, and humidity can all impact the outcomes 
that scholars might want to measure. In addition, 3-D videos can create an immersive experience. 
In this study, wearing the latest 3-D head-mounted video device reduced potential distractions a 
great deal.  
The validity of 3-D video technology as a surrogate for real landscapes has only been assessed in 
one study: Valtchanov and colleagues (2010) have found that 3-D virtual nature evoked 
significant healthier physiological and psychological responses than a slideshow of abstract 
paintings. It seems reasonable that 3-D videos would be reliable surrogates for real landscapes 
because numerous studies have successfully used 2-D videos (e.g. Parsons, Tassinary, Ulrich et 
al., 1998; Ulrich, Simons, Losito et al., 1991) or photography (e.g. Chang & Chen, 2005; Kuo, 
Bacaicoa, & Sullivan, 1998). 3-D videos played in the head-mounted device definitely can create 
a much more immersive experience than 2-D video or 2-D photography. The image resolution 
and perceived screen size of 3-D video in this study are close to those of a standard 3-D 
commercial film. Several of the participants commented that they felt they were watching the 
3-D video of community streets in a movie theater, which makes the visual experience more 
immersive than watching the video on a regular TV screen or projector screen (de Kort, 
Meijnders, Sponselee et al., 2006). However, more direct evidence on the reliability of 3-D video 
is needed. Future research could look at differences in responses as participants are exposed to a 
real landscape scene, a 2-D video, and a 3-D video of the same scene.  
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Conclusion 
This study is the first to describe the dose response curve for the impact of tree cover on stress 
response, as measured through salivary cortisol and skin conductance levels after participants 
watched a 6-minute 3-D video of community streets with varying levels of tree cover. The results 
suggest that viewing urban green spaces can be used as a tool for stress recovery in place of or in 
addition to medicine. This treatment is much cheaper than regular medicine and without any side 
effects.  
This study found that men had greater salivary cortisol responses to stress, and their salivary 
cortisol and skin conductance levels were the result of exposure to varying densities of tree cover. 
These findings correspond to literature that men are more vulnerable to stroke and cardiovascular 
disease caused by stress (Dedovic, Wadiwalla, Engert et al., 2009). A recent study hinted that 
nearby nature has a stronger impact on men’s cardiovascular health: men’s cardiovascular 
disease rates decreased with increasing nearby green landscapes but no significant relationship 
was identified for women (Richardson & Mitchell, 2010). Thus, it is possible that optimal 
densities of urban tree cover may evoke the greatest physiological stress recovery for men, thus 
helping to address some of the most threatening health challenges that men face today. These 
findings, however, do not mean that exposure to green urban streets does not impact women. To 
further investigate the dose-response curve of the density of tree cover and female’s stress 
recovery, future research should use nature treatments with a longer duration or include a social 
rejection task in the stressor.  
Stress is a major threat to human health. Creating greener living environments would be an 
efficient way to aid stress recovery, preventing chronic stress and the many diseases that 
accompany it, such as cardiovascular disease, stroke, cancer, depression, and asthma. Now that 
we have some evidence of the dose-response curve for greenness and stress reduction, landscape 
planners and city managers can help create settings that provide a density of tree cover that has 
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been shown to help men recover from stressful experiences. Taken together, these findings 
reinforce the idea that planting trees along community streets and in other urban environments 
could significantly reduce disease caused by stress, thus saving money and human resources and 
promoting the wellbeing of urban residents. 
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CHAPTER 6: 
CONCLUSION 
Summary of findings 
Through four studies, this work investigated how community streets with varying levels of tree 
cover influence landscape preference and stress reduction. Before moving on to consider the 
implications of this work and ideas for future study, I present a summary of the most important 
findings.               
In the first study (Chapter 2), I examined the extent to which four measures of calculating 
percent tree cover were correlated with one another for sites with low, medium, and high levels 
of tree cover. The four measures include street corridor percent tree cover calculated from 
Google Earth aerial photography (Google Street Corridor), a 100m-wide visual corridor percent 
tree cover calculated from Google Earth aerial photography (Google Visual Corridor), percent 
tree cover calculated from panoramic photography (Panorama Calculated), and perceived tree 
cover by ordinary people (Panorama Perceived). Results indicate that Panorama Calculated has a 
significant, positive correlation with Panorama Perceived no matter the percent tree cover (see 
Figure 33). In contrast, the Google Earth measures are not significantly correlated with either of 
the panoramic measures for sites with a high density of tree cover (see Figure 34 and Figure 35).  
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***p< .001 
****p< .0001 
Figure 33. Correlation between two panoramic measures (calculated and perceived tree cover by ordinary 
people) as the density of tree cover is at three different levels. The density of tree cover is calculated from 
Google aerial photography street corridor (X) 
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*p < .05 
***p< .001 
****p< .0001 
Figure 34. Correlations between street corridor percent tree cover calculated from Google Earth aerial 
photography and eye-level percent tree cover calculated from panoramic photography (left bar), and between 
street corridor percent tree cover calculated from Google Earth aerial photography and perceived eye-level tree 
cover by ordinary people (right bar) as the density of tree cover is at three different levels. The density of tree 
cover is calculated from Google aerial photography street corridor (X) 
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*p< .05 
****p< .0001 
Figure 35. Correlations between Google Earth 100m wide visual corridor tree cover and calculated tree cover 
from panoramic photographs (left bar), and between Google Earth street corridor tree cover and people’s 
perceived tree cover from panoramic photographs (right bar) as the density of tree cover is at three different 
levels. The density of tree cover is calculated from Google aerial photography street corridor (X) 
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In the second study (Chapter 3) we examined the extent to which the three objective measures of 
the density of tree cover (Google Street Corridor, Google Visual Corridor, and Panorama 
Calculated) correlated with ordinary people’s landscape preference. Results demonstrate that 
calculated tree cover from panoramic photographs is a more powerful predictor of landscape 
preference than either of the Google measures. Moreover, the dose-response curve for the 
relationship of Panorama Calculated and landscape preference can be best explained by a power 
trend line (see Figure 36). This power trend line is characterized by a general positive association 
between the density of tree cover (X = panoramic percent tree cover) and the dependent variable 
(Y, landscape preference by ordinary participants). However, after the density of trees exceeds 
10%, each increase in tree density yields less and less increase in landscape preference.  
Findings from the first and second study suggest that, among the three objective measures, the 
Panorama Calculated measure is the most reliable measure for representing ordinary people’s 
perceived tree cover and landscape preference. Thus, I decided to use the tree cover calculated 
from panoramic photographs to examine the effects of viewing streetscapes with varying percent 
tree cover on stress reduction in the following two studies. 
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In the third study (Chapter 4), I examined the shape of the dose-response curve describing the 
relationship between the percent tree cover and self-reported stress reduction. I created a 
summary index of self-reported stress reduction for three constituent indices: anxiety, tension, 
and avoidance. I calculated the effect size after conducting logarithmic transformation for 
original values of stress status. The value of the summary effect size is the mean effect size of 
three constituent indices. Results suggest that, for both genders, the dose-response curve 
describing the relationship between percent tree cover and self-reported recovery from a stressful 
experience is linear. That is, as the density of vegetation increases, individuals report greater 
recovery (see Figure 37).  
 
Figure 36. The power trend dose-response curve is most appropriate to describe the dose-response cure on the 
relationship between landscape preference and percent tree cover calculated from panoramic photograph 
(Panorama Calculated). F (1,112) = 120.87, β = .72, adjusted R2 = .52, p < .0001, BIC = -472.42. Equation: ｙ
=3.26ｘ.09 
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In the fourth study (Chapter 5), I examined the shape of the dose-response curve describing the 
relationship between percent tree cover and stress reduction measured in salivary cortisol and 
skin conductance responses. I created a summary index to measure stress reduction for two 
constituent indices: salivary cortisol level and skin conductance level. The value of the summary 
effect size is the mean effect size of the two constituent indices. Results suggest that, for men, 
the dose-response curve is best explained by an inverse U-shape, quadratic curve (see Figure 38). 
The results for women, however, showed no statistically significant relationship between percent 
tree cover and recovery from a stressful experience.  
 
Figure 37. The linear association between eye-level percent tree cover and the summary measure of self-reported 
stress reduction (effect size) for all participants. F (1,149) = 8.53, β = .23, adjusted R2 = .05, p < .01. Equation: 
ｙ= .012ｘ+1.172 
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A Summary Index 
To depict a generalized dose-response curve for viewing streetscapes with varying levels of tree 
cover on stress reduction, I created a summary index of stress reduction for the five constituent 
indices including skin conductance level, salivary cortisol level, self-reported anxiety, 
self-reported tension, and self-reported avoidance. I created the summary index for two main 
reasons.  
First, findings from these studies have identified different dose-response curves for each of the 
five indices of stress reduction. But five indices are far too many for the vast majority of planners 
and designers to consider as they make plans or design neighborhoods. Moreover, designers, 
planners, or municipal officials can only build one design or implement one management 
 
Figure 38. The quadratic dose-response curve is most appropriate to describe the dose-response cure on 
the effect of eye-level percent tree cover on combined stress levels conductance (effect size) for men. F 
(2, 68) = 9.70, β (x) = 1.79, β (x2) = -1.92, adjusted R2 = .20, p < .001. Equation:ｙ= .000033ｘ2+ .019
ｘ+ .129; No significant association was found for women 
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solution and that design or management solution has to work for the entire community. Second, 
salivary cortisol, skin conductance, and self-reported stress status are markers of stress based on 
distinctive, but complimentary, mechanisms. That is, each of these constituent indices only 
reveals a specific aspect of the process of stress recovery. A summary index, however, can paint a 
more comprehensive picture of the relationship between percent tree cover and stress outcomes.  
Specifically, the value of the summary index (effect size d) is the mean value of two 
physiological stress responses and three self-reported stress responses (effect size d) as shown in 
the following equation:  
 
All original values of stress indices were logarithmically transformed before calculating the 
effect size for each constituent index. Logarithmically transforming variables in a regression 
model is a common approach as there is a non-linear association between the independent and 
dependent variables. In addition, the transformation can efficiently reduce the skewing of raw 
data and make them more closely approximate normal distribution.  
After identifying the summary index, I ran a linear regression analysis to test whether the 
dose-response relationship can be explained by a linear equation. The answer is yes, as shown in 
Figure 39. There is a small but significant association between eye-level percent tree cover and 
all participants’ summary stress reduction where F (1, 146) =7.56, adjusted R2= .04, β= .22, 
p< .01.  
dsummary= (dsalivary_cortisol_level +dskin_conductance_level+danxiety+dtension+davoidance)/5 
 
 145 
 
 
As discussed in previous chapters, baseline stress status, age, and gender may impact the linear 
regression. It is unclear whether the linear association between the percent tree cover and 
summary stress reduction remains significant after those covariate factors are considered in the 
regression model. To check that possibility, all possible covariate variables and percent tree cover 
are entered in a linear regression model as independent factors, while summary stress reduction 
is entered as the dependent variable. As Table 26 shows, eye-level percent tree cover remains a 
significant positive association with summary stress reduction, β= .18, p= .02. Among covariate 
variables, only the baseline avoidance level has a significant association with summary stress 
reduction, β=- .26, p= .01. Gender doesn’t play a significant role in the regression analysis, β= 
- .14, p= .07. The total model is significant, F (8, 137) =5.04, p< .0001, adjusted R
2
= 0.18. These 
results confirm that, after controlling covariate variables, a community street video with a higher 
eye-level percent tree cover can elicit a greater stress reduction. This positive impact is 
statistically significant although the effect is relatively small.  
  
  
Figure 39. The positive linear association between eye-level percent tree cover and the generalized stress 
reduction. F (1, 146) =7.56, adjusted R2 =0.04, β= .22, p< .01. Equation:ｙ= .006ｘ+ .724 
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Table 26. Regression coefficients for the predicators of summary stress reduction 
Independent variables b β T p 
Eye-level percent tree cover  .01  .18 2.37  .02 
Age - .03 - .14 -1.83  .07 
Gender - .16 - .14 -1.73  .09 
Baseline anxiety level  .10  .10  .89  .38 
Baseline tension level - .18 - .22 -1.82  .07 
Baseline avoidance level - .19 - .26 -2.59  .01 
Baseline salivary cortisol level  .08  .03  .43  .67 
Baseline skin conductance level  .08  .04  .54  .59 
Note: F (8, 137) = 5.04, adjusted R2= .18, p < .0001. The gender information was entered for the analysis as 
women=0 and men=1.  
To test whether the dose-response curve can be better explained by a curved line, I conducted a 
curvilinear regression analysis, and the results indicate the quadratic, cubic, and power trend 
curves have a higher Bayesian Information Criterion (BIC) value than the linear curve. This 
suggests that the linear curve best represents the dose-response relationship. 
BIC is a widely used tool for selecting among various models the one with the best fit (Schwarz, 
1978). The more parameters one adds to a regression model the more one risks over-fitting the 
model to the data. BIC addresses this problem by invoking a penalty for the number of 
parameters adopted by the model. For data with small or moderate sample sizes, BIC is superior 
to other popular model selection criteria (Neath & Cavanaugh, 2012). The simplest model is 
favored when the difference between BICs is less than 2 (Neath & Cavanaugh, 2012).  
Strengths of this work 
The overall finding of the dose (density of tree cover) and response (stress recovery and 
preference) relationship is strengthened by the following features of the current study.  
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Validity 
Several features of this work help reduce the impact of confounding variables and thus 
strengthen the validity of the findings.  
The first step to ensure construct validity was to identify the measure of tree cover that can most 
accurately represent participants’ visual experience. To achieve that objective, I measured tree 
cover from Google Earth aerial photography and eye-level panoramic photography and then 
investigated their associations with each other and with landscape preference. Through this 
process, I determined that measuring the density of tree cover from panoramic photography was 
the most powerful and reliable predictor of participants’ perceived tree cover and landscape 
preference. These findings strongly suggest that percent tree cover calculated from panoramic 
photography would better predict stress recovery than top-down measures of percent tree cover 
from Google Earth photography.  
An additional step I took to strengthen construct validity was to use a variety of tools to measure 
stress response. Stress response is a complex process which includes physiological and 
psychological responses to stressful events and stress recovery treatments. Thus, it is necessary 
to examine the dose-response curve from various pathways to gain a comprehensive 
understanding. Specifically, this work measured skin conductance level to examine stress 
responses of the autonomic nervous system (ANS); salivary cortisol level to examine stress 
responses of the hypothalamic–pituitary–adrenal (HPA) axis; and self-reported anxiety, tension, 
and avoidance levels to examine subjective stress responses at the cognitive level. Moreover, this 
work further examined the association between percent tree cover and the summary index of 
stress recovery for all five indices. This analysis enables investigators to understand how viewing 
nature treatment videos influences stress recovery in either specific or general ways. In addition, 
the study also analyzed the relationship between written narrative of subjective response and 
percent tree cover. Thus, results based on quantitative and qualitative data further reinforce the 
internal validity of this work.  
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In contrast to previous studies that examined participants’ stress responses to different types of 
urban spaces, this study chose one type of urban place, streets in middle-class, single-house 
community, to investigate the association between stress recovery and various levels of percent 
tree cover. By reducing the variability associated with measuring percent tree cover in a variety 
of settings, I was able to reduce the impact that other environmental characteristics might have 
had on stress recovery. Thus, the dose-response curve is mainly shaped by varying levels of 
percent tree cover but not by other confounding environmental characteristics.  
Additional strengths 
In the current study, videos of community street scenes with a wide range of percent tree cover 
(1.7%-62.0%) were used as the nature treatment. To my knowledge, this is the first laboratory 
study that has used a full range of percent tree cover for a specific type of urban space. This 
study has included the most barren and the most green community streets that I could find in four 
Midwestern urban areas in the U.S. Thus, the study was able to depict a relatively complete 
dose-response curve for most of the possible levels of tree cover existing in urban environments 
throughout North America.  
Another strength of this study is the extent to which we presented simulations that feel like real 
settings. In the studies reported here, we showed participants 3-D videos (recorded by Sony 
HDR-TD10) with a Sony personal movie viewer (Sony HMZ-T1). Doing so created a more 
immersive visual experience than that of a 2-D projected image or a 2-D video shown through a 
TV or a projector. Previous studies have used 2-D video or photography as successful stimulus or 
treatment for stress recovery and attention restoration (e.g., Chang & Chen, 2005; Parsons, 
Tassinary, Ulrich et al., 1998; Ulrich, Simons, Losito et al., 1991). 3-D video has similar 
advantages as 2-D video but can provide the viewer a much more immersive experience. The 
results are more convincing because participants’ visual experience would be similar to what 
they would experience on site. Moreover, 3-D video can control how much tree cover people see 
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by removing the interference of social events and environmental attributes, such as noise, traffic 
problems, unexpected appearance of pedestrians, cars, or animals, and extraordinary natural 
landscapes or artificial structures.  
Conducting this work as a double-blind experiment also helped strengthen the findings. The 
participants and the interviewers did not know which video had been assigned. The double-blind 
nature of this work eliminated threats to internal validity that might have arisen from the 
unconscious behavior of the investigators or the desire to please the investigators on the part of 
the participants and thus increased the objectivity of the findings. 
Contributions and implications 
This work is the first to identify links between measures of urban tree density calculated from 
aerial photographs and eye-level panoramic photographs. By demonstrating that eye-level 
percent tree cover is a more accurate predictor of participants’ perceived tree cover and 
landscape preference, this work provides strong rationale to criticize the current management and 
design practice of using Google Earth and other types of aerial photography to measure tree 
cover. As percent tree cover is at a high level, percent tree cover measured from Google Earth 
aerial photography cannot accurately represent perceived tree cover as well as percent tree cover 
measured from panoramic photography. Together, these findings suggest two important 
suggestions for research and practice: first, eye-level percent tree cover can better predict an 
individual’s physiological or self-reported response to urban tree cover than top-down percent 
tree cover. Second, it is important to give more consideration to eye-level percent tree cover or 
greenness in urban and landscape planning. Combining top-down and eye-level measures of tree 
cover would be necessary to not only reach an optimal level of greenness for an urban region but 
also to create equal access to nature for each family and individual. 
This work has identified the dose-response curve describing the relationship between percent tree 
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cover and landscape preference. This curve can best be described as a power trend line. Although 
the general association is positive, which is consistent with findings of many previous studies, 
the power trend line suggests that the same increase of tree cover can lead to a much greater 
increase of preference for barren street scenes than for streets that already have a substantial 
amount of tree cover. This finding suggests that when urban forest resources are limited, 
landscape planners and city managers should allocate trees to barren neighborhoods instead of 
neighborhoods with substantial tree cover. In addition, the power trend line implies that sites 
with moderate levels of percent tree cover already yield substantially high preference values.  
This work has identified the dose-response curve describing the relationship between percent tree 
cover and recovery from a stressful experience. The summary stress reduction index has a 
positive, linear association with percent tree cover, and no gender difference was detected. This 
finding provides clear evidence that viewing nature has a significant effect on stress recovery. 
This finding could support urban managers and landscape planners as they propose to bring more 
tree canopy to urban spaces.  
 In addition, we found that men had a significantly faster physiological recovery from a stressful 
experience when tree density increased from 2 to 30%. Women reported greater reductions in 
self-reported stress as tree density increased. These findings correspond to several previous 
studies that show that women and men’s biological and social differences may lead to different 
physiological and self-reported stress responses (Bianchin & Angrilli, 2012; Dedovic, Wadiwalla, 
Engert et al., 2009; Neumann, 2007; Stroud, Salovey, & Epel, 2002). More importantly, these 
findings emphasize how contact with nature influences women and men’s stress recovery and 
offers health benefits in different ways.  
This work makes two methodology contributions. This is the first study to use 3-D video and 
3-D personal movie viewers to create a highly immersive visual experience for participants in the 
laboratory setting. This exploration sheds light on 3-D visual media and devices to more 
accurately gauge the impact of viewing nature on human health and functioning. Second, this 
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work used the visual analog scale (VAS) to measure participants’ subjective stress status. The 
VAS can give participants more freedom to report specific stress status than verbal and numeric 
rating scales with a restricted amount of options (Lara-Munoz, de Leon, Feinstein et al., 2004) 
and has been proven as a reliable and accurate tool in clinic studies. However, the VAS has rarely 
been used to measure individuals’ responses to landscape scenes. Our use of the VAS may 
encourage other researchers to utilize it in design and planning research. 
Limitations and future research 
This work has several limitations that raise questions for future research. This work is limited 
geographically to the Midwestern United States. Other types of regional landscapes with 
different landforms and plant species might differ in their effect on stress recovery. For example, 
hilly landscapes in South California or tropical landscapes in Florida may have a different effect 
on stress recovery. Therefore, it is important to replicate this work in other regions to enhance 
our understanding of the relationship between percent tree cover and stress recovery.  
To eliminate the impact of confounding environmental characteristics, this study examined one 
type of urban space: streets with varying levels of tree cover in middle class, single-family 
residential neighborhoods. It would be useful to know if varying levels of tree cover in other 
urban spaces (e.g., central business districts, recreational areas, business corridors, schools, 
college campuses) have similar impacts on stress recovery. Future research should not only 
replicate this work in residential neighborhoods but should also extend the work to other types of 
urban spaces, especially spaces in which people spend a good deal of their time. 
To assure statistical reliability, we recruited only healthy young adults as participants, and all of 
them had lived in U.S. at least 18 years. Because participants’ landscape preference and 
physiological stress responses may be influenced by their health status, cultural background, age, 
individual experience, and social-economic status, it is possible that a response to percent tree 
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cover differs based on these characteristics (e.g.,  Bianchin & Angrilli, 2012; Dickerson & 
Kemeny, 2004; Ward Thompson, Roe, Aspinall et al., 2012; Yu, 1995). Thus, to increase 
generalizability of this work, future research examining the dose-response of the percent tree 
cover on stress recovery should recruit participants from all age groups and with different 
backgrounds. 
Although this work measured stress responses in multiple ways, it is still necessary for future 
research to include other types of stress response measures to gain an even more comprehensive 
understanding of how viewing nature can facilitate stress recovery. Important measures may 
include high frequency heart rate variability (HF HRV) as a marker of parasympathetic activation 
(Alvarsson, Wiens, & Nilsson, 2010), electroencephalography (EEG) as a marker of electrical 
activation of the neurons of the brain (Chang & Chen, 2005), or salivary amylase as a marker of 
activation of the sympathomedullary pathway (SAM) (Beil & Hanes, 2013).  
This work involved experts in Landscape Architecture who selected sites with similar spatial, 
cultural, and ecological attributes but that varied systematically in the density of trees. Still, it is 
possible that some unaccounted for attributes may have impacted our findings. In future research 
of this type, scholars should assess the quality of a variety of environmental attributes in order to 
assess any direct effects on stress recovery or interactions with the percent tree cover that might 
impact stress recovery and landscape preference. Also, since individual experience of contact 
with a specific type of landscape would also influence landscape preference and stress recovery, 
future research should quantify the experience by adopting a natural relatedness scale (Brown, 
Barton, & Gladwell, 2013; Home, Bauer, & Hunziker, 2010).  
This work involved showing participants one of ten, 6-minute videos. The videos showed street 
tree densities that ranged from 2% tree density to 60% tree density. But percent tree cover is not 
the only variable needed to explore tree density and stress reduction. Future researchers should 
also examine the extent to which duration of exposure and frequency of exposure impact 
recovery from stressful experiences. Figure 40 below describes the three-dimensional spaces in 
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which scholars could explore the relationships among density, duration, and frequency of 
exposure to urban trees on the recovery from a stressful event. 
 
In the studies reported in this dissertation, participants sat down while they watched the video. 
But many people experience urban trees while they are walking. To what extent does viewing 
nature during physical activity have interactive effects on stress recovery? Future research might 
explore such questions in order to extend our understanding of impacts of viewing nature on 
stress recovery.  
 
Figure 40. Future research should explore relationships among three dimensions of exposure to urban 
trees: the density of the trees, duration of exposure to the trees, and the frequency of exposure 
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Conclusion 
Studies presented in this dissertation suggest that exposure to greater densities of urban tree 
cover facilitates faster recovery from a stressful experience. Stress recovery is a complex process 
involving multiple biological and psychological activations, and it may be influenced by 
differences in gender, age, cultural background, individual experience, and health status. Thus, it 
is not surprising to find differences in the shape of dose-response curves as the effect size of 
stress recovery was measured from different pathways. When I put all the stress recovery 
measures together, I find that, for women and for men, the greater the density of trees, the faster 
the recovery from a stressful experience. I hope the findings here will inspire other scholars to 
examine green living environments’ effect on stress recovery. 
50% of the world’s population now lives in urban settings and this figure is expected to increase 
to 70% by 2050 (as cited in Kennedy & Adolphs, 2011). Stress from urban life threatens human 
health. Mental stress may lead to unhealthy habits, suppression of the immune system (Cohen, 
Miller, & Rabin, 2001), and negative impacts on brain functioning (Kennedy & Adolphs, 2011). 
And it may subsequently trigger cardiovascular diseases, stroke, depression, asthma, and other 
severe health problems (e.g., Aronsson, 1999; Bryant, Harvey, Guthrie et al., 2003; Childs & Wit, 
2009; Dimsdale, 2008; Gump, MacKenzie, Bendinskas et al., 2011; Mitchell & Popham, 2008; 
Obrist, Lawler, Howard et al., 1974; Prince, Patel, Saxena et al., 2007; Roux, 2003; Steptoe & 
Brydon, 2009). The studies presented here strongly suggest that contact with nature would 
significantly aid stress recovery and be an effective and economical preventative preventive 
health care or clinical treatment. 
“Nature is but another name for health...” -- Henry David Thoreau 
  
155 
REFERENCES 
Aguilera, G. (1998). Corticotropin Releasing Hormone, Receptor Regulation and the Stress Response. Trends in 
Endocrinology and Metabolism, 9(8), 329-336. 
Alvarsson, J. J., Wiens, S., & Nilsson, M. E. (2010). Stress Recovery During Exposure to Nature Sound and 
Environmental Noise. International Journal of Environmental Research and Public Health, 7(3), 
1036-1046. 
Appleton, J. (1975). The Experience of Landscape. London: John Wiley. 
Aronsson, G. (1999). Influence of Worklife on Public Health. Scandinavian Journal of Work Environment & Health, 
25(6), 597-604. 
Back, S. E., Brady, K. T., Jackson, J. L., Salstrom, S., & Zinzow, H. (2005). Gender Differences in Stress Reactivity 
among Cocaine-Dependent Individuals. Psychopharmacology, 180(1), 169-176. 
Barton, J., & Pretty, J. (2010). What Is the Best Dose of Nature and Green Exercise for Improving Mental Health? A 
Multi-Study Analysis. Environmental Science & Technology, 44(10), 3947-3955. 
Beil, K., & Hanes, D. (2013). The Influence of Urban Natural and Built Environments on Physiological and 
Psychological Measures of Stress-a Pilot Study. International Journal of Environmental Research and 
Public Health, 10(4), 1250-1267. 
Bianchin, M., & Angrilli, A. (2012). Gender Differences in Emotional Responses: A Psychophysiological Study. 
Physiology & Behavior, 105(4), 925-932. 
Bjerke, T., Ostdahl, T., Thrane, C., & Strumse, E. (2006). Vegetation Density of Urban Parks and Perceived 
Appropriateness for Recreation. Urban Forestry & Urban Greening, 5(1), 35-44. 
Bodis, J., Boncz, I., & Kriszbacher, I. (2010). Permanent Stress May Be the Trigger of an Acute Myocardial 
Infarction on the First Work-Day of the Week. International Journal of Cardiology, 144(3), 423-425. 
Brown, D. K., Barton, J. L., & Gladwell, V. F. (2013). Viewing Nature Scenes Positively Affects Recovery of 
Autonomic Function Following Acute-Mental Stress. Environmental Science & Technology, 47(11), 
5562-5569. 
Bryant, R. A., Harvey, A. G., Guthrie, R. M., & Moulds, M. L. (2003). Acute Psychophysiological Arousal and 
Posttraumatic Stress Disorder: A Two-Year Prospective Study. Journal of Traumatic Stress, 16(5), 439. 
Buijs, A. E., Elands, B. H. M., & Langers, F. (2009). No Wilderness for Immigrants: Cultural Differences in Images 
of Nature and Landscape Preferences. Landscape and Urban Planning, 91(3), 113-123. 
Bureau, U. S. C. (2010). 2010 Census Data. from U.S. Census Bureau http://www.census.gov/2010census/
data/ Carrillo, E., Moya-Albiol, L., Gonzalez-Bono, E., Salvador, A., Ricarte, J., & Gomez-Amor, J. (2001). 
Gender Differences in Cardiovascular and Electrodermal Responses to Public Speaking Task: The Role of Anxiety 
and Mood States. International Journal of Psychophysiology, 42(3), 253-264. 
Chang, C. Y., & Chen, P. K. (2005). Human Response to Window Views and Indoor Plants in the Workplace. 
Hortscience, 40(5), 1354-1359. 
Chang, C. Y., Hammitt, W. E., Chen, P. K., Machnik, L., & Su, W. C. (2008). Psychophysiological Responses and 
Restorative Values of Natural Environments in Taiwan. Landscape and Urban Planning, 85(2), 79-84. 
Childs, E., Vicini, L. M., & De Wit, H. (2006). Responses to the Trier Social Stress Test (Tsst) in Single Versus 
Grouped Participants. Psychophysiology, 43(4), 366-371. 
 156 
 
Childs, E., & Wit, H. (2009). Hormonal, Cardiovascular, and Subjective Responses to Acute Stress in Smokers. 
Psychopharmacology, 203(1), 1-12. 
Cohen, S., Miller, G. E., & Rabin, B. S. (2001). Psychological Stress and Antibody Response to Immunization: A 
Critical Review of the Human Literature. Psychosomatic Medicine, 63(1), 7-18. 
Cramer, P. (2003). Defense Mechanisms and Physiological Reactivity to Stress. Journal of Personality, 71(2), 
221-244. 
Cullen, G. (1961). Townscape. London: Architectural Press. 
Curtis, B. M., & O'Keeffe, J. H. (2002). Autonomic Tone as a Cardiovascular Risk Factor: The Dangers of Chronic 
Fight or Flight. Mayo Clinic Proceedings, 77(1), 45-54. 
Davey, I.-T. (2013). I-Tree Canopy. Retrieved 5/28, 2013, from http://www.itreetools.org/canopy/index.php. 
de Kort, Y. A. W., Ijsselsteijn, W. A., Kooijman, J., & Schuurmans, Y. (2003). Virtual Laboratories: Comparability of 
Real and Virtual Environments for Environmental Psychology. Presence-Teleoperators and Virtual 
Environments, 12(4), 360-373. 
de Kort, Y. A. W., Meijnders, A. L., Sponselee, A. A. G., & Ijsselsteijn, W. A. (2006). What's Wrong with Virtual 
Trees? Restoring from Stress in a Mediated Environment. Journal of Environmental Psychology, 26(4), 
309(312). 
De Rooij, S. R., & Roseboom, T. J. (2010). Brief Reports: Further Evidence for an Association between 
Self-Reported Health and Cardiovascular as Well as Cortisol Reactions to Acute Psychological Stress. 
Psychophysiology, 47(6), 1172-1175. 
Dedovic, K., Wadiwalla, M., Engert, V., & Pruessner, J. C. (2009). The Role of Sex and Gender Socialization in 
Stress Reactivity. Developmental Psychology, 45(1), 45-55. 
DeWolfe, J., Waliczek, T. M., & Zajicek, J. M. (2011). The Relationship between Levels of Greenery and 
Landscaping at Track and Field Sites, Anxiety, and Sports Performance of Collegiate Track and Field 
Athletes. Horttechnology, 21(3), 329-335. 
Dickerson, S. S., & Kemeny, M. E. (2004). Acute Stressors and Cortisol Responses: A Theoretical Integration and 
Synthesis of Laboratory Research. Psychological Bulletin, 130(3), 355-391. 
Dimsdale, J. E. (2008). Psychological Stress and Cardiovascular Disease. Journal of the American College of 
Cardiology, 51(13), 1237-1246. 
Dobbie, M. F. (2012). Public Aesthetic Preferences for Victorian Freshwater Wetlands, Australia. 
Donovan, G. H., Michael, Y. L., Butry, D. T., Sullivan, A. D., & Chase, J. M. (2011). Urban Trees and the Risk of 
Poor Birth Outcomes. Health and Place, 17(1), 390-393. 
Ellen, I. G., & Turner, M. A. (1997). Does Neighborhood Matter? Assessing Recent Evidence. Housing Policy 
Debate, 8(4), 833-866. 
Foley, P., & Kirschbaum, C. (2010). Human Hypothalamus-Pituitary-Adrenal Axis Responses to Acute Psychosocial 
Stress in Laboratory Settings. Neuroscience and Biobehavioral Reviews, 35(1), 91-96. 
Gidlöf-Gunnarsson, A., & Öhrström, E. (2007). Noise and Well-Being in Urban Residential Environments: The 
Potential Role of Perceived Availability to Nearby Green Areas. Landscape and Urban Planning, 83(2-3), 
115-126. 
Grahn, P., & Stigsdotter, U. A. (2003). Landscape Planning and Stress. Urban Forestry and Urban Greening, 2(1), 
1-18. 
 
 157 
 
Gump, B. B., MacKenzie, J. A., Bendinskas, K., Morgan, R., Dumas, A. K., Palmer, C. D., & Parsons, P. J. (2011). 
Low-Level Pb and Cardiovascular Responses to Acute Stress in Children: The Role of Cardiac Autonomic 
Regulation. Neurotoxicology & Teratology, 33(2), 212-219. 
Hands, D. E., & Brown, R. D. (2002). Enhancing Visual Preference of Ecological Rehabilitation Sites. Landscape 
and Urban Planning, 58(1), 57-70. 
Hartig, T., Mang, M., & Evans, G. W. (1991). Restorative Effects of Natural-Environment Experiences. Environment 
and Behavior, 23(1), 3-26. 
Hartig, T., Evans, G. W., Jamner, L. D., Davis, D. S., & Garling, T. (2003). Tracking Restoration in Natural and 
Urban Field Settings. Journal of Environmental Psychology, 23(2), 109-123. 
Hernandez, B., & Hidalgo, M. C. (2005). Effect of Urban Vegetation on Psychological Restorativeness. 
Psychological Reports, 96(3), 1025-1028. 
Home, R., Bauer, N., & Hunziker, M. (2010). Cultural and Biological Determinants in the Evaluation of Urban 
Green Spaces. Environment and Behavior, 42(4), 494-523. 
Hu, Z. Y., Liebens, J., & Rao, K. R. (2008). Linking Stroke Mortality with Air Pollution, Income, and Greenness in 
Northwest Florida: An Ecological Geographical Study. International Journal of Health Geographics, 7. 
Hull Iv, R. B., & Reveli, G. R. B. (1989). Cross-Cultural Comparison of Landscape Scenic Beauty Evaluations: A 
Case Study in Bali. Journal of Environmental Psychology, 9(3), 177-191. 
Izawa, S., Sugaya, N., Shirotsuki, K., Yamada, K. C., Ogawa, N., Ouchi, Y., Nagano, Y., Suzuki, K., & Nomura, S. 
(2008). Salivary Dehydroepiandrosterone Secretion in Response to Acute Psychosocial Stress and Its 
Correlations with Biological and Psychological Changes. Biological Psychology, 79(3), 294-298. 
Jacobs, S. C., Friedman, R., Parker, J. D., Tofler, G. H., Jimenez, A. H., Muller, J. E., Benson, H., & Stone, P. H. 
(1994). Use of Skin-Conductance Changes During Mental Stress-Testing as an Index of Autonomic Arousal 
in Cardiovascular Research. American Heart Journal, 128(6), 1170-1177. 
Jansson, M., Fors, H., Lindgren, T., & Wiström, B. (2013). Perceived Personal Safety in Relation to Urban 
Woodland Vegetation - a Review. Urban Forestry and Urban Greening, 12(2), 127-133. 
Jones, R. E., Davis, K. L., & Bradford, J. (2013). The Value of Trees: Factors Influencing Homeowner Support for 
Protecting Local Urban Trees. Environment and Behavior, 45(5), 650-676. 
Junker, B., & Buchecker, M. (2008). Aesthetic Preferences Versus Ecological Objectives in River Restorations. 
Landscape and Urban Planning, 85(3-4), 141-154. 
Kaplan, R., & Herbert, E. J. (1987). Cultural and Sub-Cultural Comparisons in Preferences for Natural Settings. 
Landscape and Urban Planning, 14(0), 281-293. 
Kaplan, R., & Kaplan, S. (1989). The Experience of Nature: A Psychological Perspective. New York: Cambridge 
University Press. 
Kaplan, R., Kaplan, S., & Ryan, R. L. (1998). With People in Mind - Design and Management of Everyday Nature. 
Washington, D.C. & Covelo, California: Island Press. 
Kaplan, R. (2001). The Nature of the View from Home - Psychological Benefits. Environment and Behavior, 33(4), 
507-542. 
Kaplan, S., Kaplan, R., & Wendt, J. S. (1972). Rated Preference and Complexity for Natural and Urban Visual 
Material. Perception & Psychophysics, 12(4), 354. 
Kaplan, S. (1987). Aesthetics, Affect, and Cognition - Environmental Preference from an Evolutionary Perspective. 
Environment and Behavior, 19(1), 3-32. 
 158 
 
Kennedy, D. P., & Adolphs, R. (2011). Social Neuroscience: Stress and the City. Nature, 474(7352), 452-453. 
Kenwick, R. A., Shammin, R., & Sullivan, W. C. (2009). Preferences for Riparian Buffers. Landscape and Urban 
Planning, 91(2), 88-96. 
Kirschbaum, C., & Hellhammer, D. H. (1989). Salivary Cortisol in Psychobiological Research - an Overview. 
Neuropsychobiology, 22(3), 150-169. 
Kirschbaum, C., Pirke, K. M., & Hellhammer, D. H. (1993). The Trier Social Stress Test - a Tool for Investigating 
Psychobiological Stress Responses in a Laboratory Setting. Neuropsychobiology, 28(1-2), 76-81. 
Kudielka, B. M., Schmidt-Reinwald, A. K., Hellhammer, D. H., Schurmeyer, T., & Kirschbaum, C. (2000). 
Psychosocial Stress and Hpa Functioning: No Evidence for a Reduced Resilience in Healthy Elderly Men. 
Stress (Amsterdam, Netherlands), 3(3), 229-240. 
Kudielka, B. M., Buske-Kirschbaum, A., Hellhammer, D. H., & Kirschbaum, C. (2004). Differential Heart Rate 
Reactivity and Recovery after Psychosocial Stress (Tsst) in Healthy Children, Younger Adults, and Elderly 
Adults: The Impact of Age and Gender. International Journal of Behavioral Medicine, 11(2), 116-121. 
Kudielka, B. M., Schommer, N. C., Hellhammer, D. H., & Kirschbaum, C. (2004). Acute Hpa Axis Responses, 
Heart Rate, and Mood Changes to Psychosocial Stress (Tsst) in Humans at Different Times of Day. 
Psychoneuroendocrinology, 29(8), 983-992. 
Kudielka, B. M., & Wust, S. (2010). Human Models in Acute and Chronic Stress: Assessing Determinants of 
Individual Hypothalamus-Pituitary-Adrenal Axis Activity and Reactivity. Stress-the International Journal 
on the Biology of Stress, 13(1), 1-14. 
Kuo, F. E., Bacaicoa, M., & Sullivan, W. C. (1998). Transforming Inner-City Landscapes - Trees, Sense of Safety, 
and Preference. Environment and Behavior, 30(1), 28-59. 
Kuo, F. E. (2001). Coping with Poverty - Impacts of Environment and Attention in the Inner City. Environment and 
Behavior, 33(1), 5-34. 
Kuo, F. E., & Sullivan, W. C. (2001a). Environment and Crime in the Inner City: Does Vegetation Reduce Crime? 
Environment and Behavior, 33(3), 343-367. 
Kuo, F. E., & Sullivan, W. C. (2001b). Aggression and Violence in the Inner City - Effects of Environment Via 
Mental Fatigue. Environment and Behavior, 33(4), 543-571. 
Lara-Munoz, C., de Leon, S. P., Feinstein, A. R., Puente, A., & Wells, C. K. (2004). Comparison of Three Rating 
Scales for Measuring Subjective Phenomena in Clinical Research.I. Use of Experimentally Controlled 
Auditory Stimuli. Archives of Medical Research, 35(1), 43-48. 
Largo-Wight, E. (2011). Cultivating Healthy Places and Communities: Evidenced-Based Nature Contact 
Recommendations. International Journal of Environmental Health Research, 21(1), 41-61. 
Laumann, K., Garling, T., & Stormark, K. M. (2003). Selective Attention and Heart Rate Responses to Natural and 
Urban Environments. Journal of Environmental Psychology, 23(2), 125-134. 
Leather, P., Pyrgas, M., Beale, D., & Lawrence, C. (1998). Windows in the Workplace - Sunlight, View, and 
Occupational Stress. Environment and Behavior, 30(6), 739-762. 
Lee, J., Park, B. J., Tsunetsugu, Y., Kagawa, T., & Miyazaki, Y. (2009). Restorative Effects of Viewing Real Forest 
Landscapes, Based on a Comparison with Urban Landscapes. Scandinavian Journal of Forest Research, 
24(3), 227-234. 
Leslie, E., Sugiyama, T., Ierodiaconou, D., & Kremer, P. (2010). Perceived and Objectively Measured Greenness of 
Neighbourhoods: Are They Measuring the Same Thing? Landscape and Urban Planning, 95(1-2), 28-33. 
 159 
 
Lin, H.-P., Lin, H.-Y., Lin, W.-L., & Chih-Wei, H. A. (2011). Effects of Stress, Depression, and Their Interaction on 
Heart Rate, Skin Conductance, Finger Temperature, and Respiratory Rate: Sympathetic-Parasympathetic 
Hypothesis of Stress and Depression. Journal of Clinical Psychology, 67(10), 1080-1091. 
Lindemann-Matthies, P., Junge, X., & Matthies, D. (2010). The Influence of Plant Diversity on People's Perception 
and Aesthetic Appreciation of Grassland Vegetation. Biological Conservation, 143(1), 195-202. 
Lottrup, L., Grahn, P., & Stigsdotter, U. K. (2013). Workplace Greenery and Perceived Level of Stress: Benefits of 
Access to a Green Outdoor Environment at the Workplace. Landscape and Urban Planning, 110(1), 5-11. 
Lynch, K. (1960). The Image of the City. Cambridge, MA: MIT Press. 
Maas, J., Spreeuwenberg, P., van Winsum-Westra, M., Verheij, R. A., de Vries, S., & Groenewegen, P. P. (2009). Is 
Green Space in the Living Environment Associated with People's Feelings of Social Safety? Environment 
& Planning A, 41(7), 1763-1777. 
Maas, J., Verheij, R. A., de Vries, S., Spreeuwenberg, P., Schellevis, F. G., & Groenewegen, P. P. (2009). Morbidity 
Is Related to a Green Living Environment. Journal of Epidemiology and Community Health, 63(12), 
967-973. 
MacMillan, H. L., Georgiades, K., Duku, E. K., Shea, A., Steiner, M., Niec, A., Tanaka, M., Gensey, S., Spree, S., 
Vella, E., Walsh, C. A., De Bellis, M. D., Van der Meulen, J., Boyle, M. H., & Schmidt, L. A. (2009). 
Cortisol Response to Stress in Female Youths Exposed to Childhood Maltreatment: Results of the Youth 
Mood Project. Biological Psychiatry, 66(1), 62-68. 
Maina, G., Bovenzi, M., Palmas, A., & Filon, F. L. (2009). Associations between Two Job Stress Models and 
Measures of Salivary Cortisol. International Archives of Occupational and Environmental Health, 82(9), 
1141-1150. 
Maina, G., Palmas, A., Bovenzi, M., & Filon, F. L. (2009). Salivary Cortisol and Psychosocial Hazards at Work. 
American Journal of Industrial Medicine, 52(3), 251-260. 
Marsh-Richard, D. M., Hatzis, E. S., Mathias, C. W., Venditti, N., & Dougherty, D. M. (2009). Adaptive Visual 
Analog Scales (Avas): A Modifiable Software Program for the Creation, Administration, and Scoring of 
Visual Analog Scales. Behavior Research Methods, 41(1), 99-106. 
Matsuoka, R. H. (2010). Student Performance and High School Landscapes: Examining the Links. Landscape and 
Urban Planning, 97(4), 273-282. 
Meehan, M., Razzaque, S., Insko, B., Whitton, M., & Brooks Jr, F. P. (2005). Review of Four Studies on the Use of 
Physiological Reaction as a Measure of Presence in Stressful Virtual Environments. Applied 
Psychophysiology & Biofeedback, 30(3), 239-258. 
Merz, C. J., Wolf, O. T., Schweckendiek, J., Klucken, T., Vaitl, D., & Stark, R. (2013, Article in Press). Stress 
Differentially Affects Fear Conditioning in Men and Women. Psychoneuroendocrinology. 
Mitchell, R., & Popham, F. (2008). Effect of Exposure to Natural Environment on Health Inequalities: An 
Observational Population Study. The Lancet, 372(9650), 1655-1660. 
Neath, A. A., & Cavanaugh, J. E. (2012). The Bayesian Information Criterion: Background, Derivation, and 
Applications. Wiley Interdisciplinary Reviews: Computational Statistics, 4(2), 199-203. 
Neumann, I. D. (2007). Stimuli and Consequences of Dendritic Release of Oxytocin within the Brain. Biochemical 
Society Transactions, 35, 1252-1257. 
 
 
 160 
 
Newman, G., & Kim, J.-H. (2013). Digital Media in Landscape Architecture and Planning: Synchronizing 
Professional Demand and Direction with Technology Curriculum. Paper presented at the Council of 
Educators in Landscape Architecture, Austin, USA. 
https://www.thecela.org/pdfs/CELA_2013_Proceedings.pdf 
Nicolson, N., Storms, C., Ponds, R., & Sulon, J. (1997). Salivary Cortisol Levels and Stress Reactivity in Human 
Aging. Journals of Gerontology - Series A Biological Sciences and Medical Sciences, 52(2), M68-M75. 
Nordh, H., Hartig, T., Hagerhall, C. M., & Fry, G. (2009). Components of Small Urban Parks That Predict the 
Possibility for Restoration. Urban Forestry & Urban Greening, 8(4), 225-235. 
Nordh, H. (2012). Quantitative Methods of Measuring Restorative Components in Urban Public Parks. Journal of 
Landscape Architecture, 7(1), 46-53. 
O'Cionnaith, F. (2010). Googleearth: An Eye in the Sky for Waste. Local Authority Waste & Recycling, 18(3), 36-37. 
Obrist, P. A., Lawler, J. E., Howard, J. L., Smithson, K. W., Martin, P. L., & Manning, J. (1974). Sympathetic 
Influences on Cardiac Rate and Contractility During Acute Stress in Humans. Psychophysiology, 11(4), 
405-427. 
Ockenfels, M. C., Porter, L., Smyth, J., Kirschbaum, C., Hellhammer, D. H., & Stone, A. A. (1995). Effect of 
Chronic Stress Associated with Unemployment on Salivary Coltisol - Overall Cortisol-Levels, Diurnal 
Rhythm, and Acute Stress Reactivity. Psychosomatic Medicine, 57(5), 460-467. 
Ode, A., Fry, G., Tveit, M. S., Messager, P., & Miller, D. (2009). Indicators of Perceived Naturalness as Drivers of 
Landscape Preference. Journal of Environmental Management, 90(1), 375-383. 
Orians, G. H. (1980). Habitat Selection: General Theory and Applications to Human Behavior. In J. S. Lockard (Ed.), 
The Evolution of Human Social Behavior. New York: Elsevier. 
Orians, G. H. (1986). An Ecological Evolutionary Approach to Landscape Aesthetics. In E. C. Penning-Rowsell; & 
D. Lowenthal (Eds.), Landscape Meanings and Values. London: Allen and Unwin. 
Ozdemir, A. (2010). The Effect of Window Views' Openness and Naturalness on the Perception of Rooms' 
Spaciousness and Brightness: A Visual Preference Study. Scientific Research and Essays, 5(16), 2275-2287. 
Pani, S. C., Al Askar, A. M., Al Mohrij, S. I., & Al Ohali, T. A. (2011). Evaluation of Stress in Final-Year Saudi 
Dental Students Using Salivary Cortisol as a Biomarker. Journal of Dental Education, 75(3), 377-384. 
Parsons, R., Tassinary, L. G., Ulrich, R. S., Hebl, M. R., & Grossman-Alexander, M. (1998). The View from the 
Road: Implications for Stress Recovery and Immunization. Journal of Environmental Psychology, 18(2), 
113-140. 
Pickering, T. G. (2001). Mental Stress as a Causal Factor in the Development of Hypertension and Cardiovascular 
Disease. Current Hypertension Reports, 3(3), 249-254. 
Plante, T. G., Aldridge, A., Bogden, R., & Hanelin, C. (2003). Might Virtual Reality Promote the Mood Benefits of 
Exercise? Computers in Human Behavior, 19(4), 495-509. 
Prince, M., Patel, V., Saxena, S., Maj, M., Maselko, J., Phillips, M. R., & Rahman, A. (2007). Global Mental Health 
1 - No Health without Mental Health. The Lancet, 370(9590), 859-877. 
Richardson, E. A., & Mitchell, R. (2010). Gender Differences in Relationships between Urban Green Space and 
Health in the United Kingdom. Social Science and Medicine, 71(3), 568-575. 
Roe, J., & Aspinall, P. (2011). The Restorative Benefits of Walking in Urban and Rural Settings in Adults with Good 
and Poor Mental Health. Health & Place, 17(1), 103-113. 
 
 161 
 
Roux, A. V. D. (2003). Residential Environments and Cardiovascular Risk. Journal of Urban Health-Bulletin of the 
New York Academy of Medicine, 80(4), 569-589. 
Sadr, K., & Rodier, X. (2012). Google Earth, Gis and Stone-Walled Structures in Southern Gauteng, South Africa. 
Journal of Archaeological Science, 39(4), 1034-1042. 
Schwarz, G. (1978). Estimating Dimension of a Model. Annals of Statistics, 6(2), 461-464. 
Seidel, E. M., Kogler, L., Moser, E., Windischberger, C., Kryspin-Exner, I., Gur, R. C., Habel, U., & Derntl, B. 
(2013). Female Vs. Male Stress Type? A Current Overview of Neuropsychological Stress Research. 
Zeitschrift fur Psychiatrie Psychologie und Psychotherapie, 61(2), 71-79. 
Steptoe, A., & Brydon, L. (2009). Emotional Triggering of Cardiac Events. Neuroscience and Biobehavioral 
Reviews, 33(2), 63-70. 
Stroud, L. R., Salovey, P., & Epel, E. S. (2002). Sex Differences in Stress Responses: Social Rejection Versus 
Achievement Stress. Biological Psychiatry, 52(4), 318-327. 
Sugiyama, T., & Ward Thompson, C. (2008). Associations between Characteristics of Neighbourhood Open Space 
and Older People's Walking. Urban Forestry and Urban Greening, 7(1), 41-51. 
Sullivan, W. C. (1994). Perceptions of the Rural-Urban Fringe: Citizen Preferences for Natural and Developed 
Settings. Landscape and Urban Planning, 29(2-3), 85-101. 
Sullivan, W. C., Anderson, O. M., & Lovell, S. T. (2004). Agricultural Buffers at the Rural-Urban Fringe: An 
Examination of Approval by Farmers, Residents, and Academics in the Midwestern United States. 
Landscape and Urban Planning, 69(2-3), 299-313. 
Sullivan, W. C., Kuo, F. E., & DePooter, S. F. (2004). The Fruit of Urban Nature: Vital Neighborhood Spaces. 
Environment and Behavior, 36(5), 678-700. 
Takano, T., Nakamura, K., & Watanabe, M. (2002). Urban Residential Environments and Senior Citizens' Longevity 
in Megacity Areas: The Importance of Walkable Green Spaces. Journal of Epidemiology and Community 
Health, 56(12), 913-918. 
Taylor, Kuo, F. E., & Sullivan, W. C. (2002). Views of Nature and Self-Discipline: Evidence from Inner City 
Children. Journal of Environmental Psychology, 22(1–2), 49-63. 
Taylor, A. F., Wiley, A., Kuo, F. E., & Sullivan, W. C. (1998). Growing up in the Inner City - Green Spaces as Places 
to Grow. Environment and Behavior, 30(1), 3-27. 
Taylor, A. F., Kuo, F. E., & Sullivan, W. C. (2001). Coping with ADD - the Surprising Connection to Green Play 
Settings. Environment and Behavior, 33(1), 54-77. 
Taylor, S. E. (1999). Health Psychology (4th Edition ed.). Boston: McGraw-Hill. 
Tilt, J. H., Unfried, T. M., & Roca, B. (2007). Using Objective and Subjective Measures of Neighborhood Greenness 
and Accessible Destinations for Understanding Walking Trips and BMI in Seattle, Washington. American 
Journal of Health Promotion, 21(4 SUPPL.), 371-379. 
Todorova, A., Asakawa, S., & Aikoh, T. (2004). Preferences for and Attitudes Towards Street Flowers and Trees in 
Sapporo, Japan. Landscape and Urban Planning, 69(4), 403-416. 
Tsigos, C., & Chrousos, G. P. (2002). Hypothalamic–Pituitary–Adrenal Axis, Neuroendocrine Factors and Stress. 
Journal of Psychosomatic Research, 53(4), 865. 
Tsunetsugu, Y., Lee, J., Park, B. J., Tyrväinen, L., Kagawa, T., & Miyazaki, Y. (2013). Physiological and 
Psychological Effects of Viewing Urban Forest Landscapes Assessed by Multiple Measurements. 
Landscape and Urban Planning, 113, 90-93. 
162 
Ulrich, R. S. (1979). Visual Landscapes and Psychological Well-Being. Landscape Research(4), 7. 
Ulrich, R. S. (1981). Natural Versus Urban Scenes - Some Psychophysiological Effects. Environment and Behavior, 
13(5), 523-556. 
Ulrich, R. S., & Addoms, D. L. (1981). Psychological and Recreational Benefits of a Residential Park. Journal of 
Leisure Research, 13(1), 43-65. 
Ulrich, R. S. (1983). Aesthetic and Affective Response to Natural Environment. In I. Altman; & E. J. F.Wohlwill 
(Eds.), Human Behavior and Environment (Vol. 6, pp. 85-125). New York: Plenum Press. 
Ulrich, R. S. (1984). View through a Window May Influence Recovery from Surgery. Science, 224(4647), 420-421. 
Ulrich, R. S. (1986). Human Responses to Vegetation and Landscapes. Landscape and Urban Planning, 13(1), 
29-44. 
Ulrich, R. S., Dimberg, U., & Driver, B. L. (1990). Psychophysiological Indicators of Leisure Consequences. 
Journal of Leisure Research, 22(2), 154-166. 
Ulrich, R. S., Simons, R. F., Losito, B. D., Fiorito, E., Miles, M. A., & Zelson, M. (1991). Stress Recovery During 
Exposure to Natural and Urban Environments. Journal of Environmental Psychology, 11(3), 201-230. 
USDA. (2013). Trees for People, Urban Foresty 101. Retrieved 5/28, 2013, from 
http://www.fs.fed.us/ucf/treesforpeople.html. 
Valtchanov, D., Barton, K. R., & Ellard, C. (2010). Restorative Effects of Virtual Nature Settings. Cyberpsychology 
Behavior and Social Networking, 13(5), 503-512. 
van den Berg, A. E., Vlek, C. A. J., & Coeterier, J. F. (1998). Group Differences in the Aesthetic Evaluation of 
Nature Development Plans: A Multilevel Approach. Journal of Environmental Psychology, 18(2), 141-157. 
van den Berg, A. E., Hartig, T., & Staats, H. (2007). Preference for Nature in Urbanized Societies: Stress, 
Restoration, and the Pursuit of Sustainability. Journal of Social Issues, 63(1), 79-96. 
van den Berg, A. E., Maas, J., Verheij, R. A., & Groenewegen, P. P. (2010). Green Space as a Buffer between 
Stressful Life Events and Health. Social Science & Medicine, 70(8), 1203-1210. 
Velarde, M. D., Fry, G., & Tveit, M. (2007). Health Effects of Viewing Landscapes – Landscape Types in 
Environmental Psychology. Urban Forestry & Urban Greening, 6(4), 199-212. 
von Dawans, B., Kirschbaum, C., & Heinrichs, M. (2011). The Trier Social Stress Test for Groups (Tsst-G): A New 
Research Tool for Controlled Simultaneous Social Stress Exposure in a Group Format. 
Psychoneuroendocrinology, 36(4), 514-522. 
Ward Thompson, C., Roe, J., Aspinall, P., Mitchell, R., Clow, A., & Miller, D. (2012). More Green Space Is Linked 
to Less Stress in Deprived Communities: Evidence from Salivary Cortisol Patterns. Landscape and Urban 
Planning, 105(3), 221-229. 
Wells, N. M. (2000). At Home with Nature - Effects of "Greenness's on Children's Cognitive Functioning. 
Environment and Behavior, 32(6), 775-795. 
Wells, N. M., & Evans, G. W. (2003). Nearby Nature - a Buffer of Life Stress among Rural Children. Environment 
and Behavior, 35(3), 311-330. 
Wichrowski, M., Whiteson, J., Haas, F., Mola, A., & Rey, M. J. (2005). Effects of Horticultural Therapy on Mood 
and Heart Rate in Patients Participating in an Inpatient Cardiopulmonary Rehabilitation Program. Journal 
of Cardiopulmonary Rehabilitation, 25(5), 270-274. 
Wilson, E. O. (1984). Biophilia. Cambridge, MA, USA: Harvard University Press. 
163 
Wohlwill, J. F. (1983). The Concept of Nature: A Psychologist's View. In I. Altman; & E. J. F. Wohlwill (Eds.), 
Human Behavior and Environment (Vol. 6, pp. 5-37). New York: Plenum Press. 
Xu, R., Peng, H., Zhang, D., Huang, C., Li, Y., & Tai, H. (2012) A GIS - Based Analysis on the Characteristics of 
Ancient Architectures in Taizhou, Zhejiang Province, China. Vol. 446-449 (pp. 3529-3533). 
Yu, K. J. (1995). Cultural Variations in Landscape Preference - Comparisons among Chinese Subgroups and Western 
Design Experts. Landscape and Urban Planning, 32(2), 107-126. 
 164 
 
APPENDIX: INSTRUMENT OF THE SURVEY AND EXPERIMENT
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Checklist of subtraction task  
 
  
No. Question Answer Check if correct  No. Question Answer Check if correct 
1 1427 1411  16 1345 1329  
2 2901 2885  17 2315 2299  
3 2005 1989  18 2453 2437  
4 1632 1616  19 4101 4085  
5 1521 1505  20 2634 2617  
6 2731 2715  21 3415 3399  
7 1834 1818  22 2502 2486  
8 3059 3043  23 1014 998  
9 1330 1314  24 9900 9884  
10 1005 989  25 7355 7339  
11 4354 4328  26 8115 8099  
12 4317 4301  27 4103 4087  
13 5633 5617  28 1238 1222  
14 1004 988  29 6635 6619  
15 2013 1997  30 8354 8338  
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Sample panoramic photographs 
Each of following ten pages contains four street scenes with a similar eye-level tree cover density.  
 
 
 
 
0-2.5% 
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2.6%-5.0% 
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5.1%-7.5% 
 173 
 
 
 
 
 
7.6%-10.0% 
 174 
 
 
 
 
 
 
10.1%- 20.0% 
 175 
 
 
 
 
 
 
20.1%- 30.0% 
 176 
 
 
 
 
 
  30.1%- 40.0% 
 177 
 
 
 
 
 
  
40.1%- 50.0% 
 178 
 
 
 
 
 
  
50.1%- 60.0% 
 179 
 
 
 
 
 
60.1%- 70.0% 
 180 
 
 
 
The Visual Analog Scale (VAS) Questionnaire 
 
 
Note: The visual analog scale was printed as a 10-centimeter long scale on a letter size paper.  
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Landscape Preference Questionnaire 
 
 
 
Q: How much do you like this scene?  
□       □       □        □         □ 
    None             A little           Somewhat            Quite a bit              Very much 
 
Perceived tree cover density questionnaire 
 
 
Q: How much tree canopy is there in this scene?  
□   □   □   □   □   □   □   □   □   □ 
        None                                                                                       Very much 
 182 
 
Narrative questionnaire 
Now please describe your feelings of watching the video in the following text box: 
 
 
 
 
 
 
 
 
Code:  
Type:  
